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THE ABSOLUTE MAGNITUDES OF 
GIANT M STARS 


By GUSTAF STROMBERG 


ABSTRACT 


Derivation of absolute magnitudes from spectroscopic criteria—The article gives the 
method and the formulae used in deriving the reduction curves which are the basis of 
the absolute magnitudes of giant M stars published by Adams, Joy, and Humason in 
Mt.Wilson Contr., No. 319. Provisional curves for each spectral subdivision were formed 
for each line listed in Contr. No. 319 and adjusted to give an accordant system of magni- 
tudes M,;. Systematic corrections, S, to this provisional system then gave the adopted 
system M,+S. The absolute magnitudes were derived entirely from the peculiar mo- 
tions; parallactic motions have not been used because of the large dispersion in velocity. 
Results from trigonometric parallaxes are also given, but the parallaxes are very small 
and not numerous enough to give the same accuracy that can be obtained from the 
peculiar motions. 

Probable errors and residual systematic corrections —Figure 1 shows the relation be- 
tween the computed absolute magnitudes and the provisional magnitudes. The deviations 
from the line represent the residual systematic corrections, S’ (Table I), to the adopted 
magnitudes. In general these are below 0.1 mag. S{ and S% are similar corrections for 
use in deriving mean parallaxes and mean tangential motions. The probable errors of 
individual determinations of an absolute magnitude for the supergiants and the ordinary 
giants are +0.63 and +0.45 mag., respectively. These were derived from the dispersion 
in M, which was obtained from a simple formula, equation (10), which is not influenced 
by the systematic corrections. This formula is also applicable in cases where no spec- 
troscopic absolute magnitudes are available, in which case 7’ is a reduced r-component. 


In Mount Wilson Contribution, No. 319, Adams, Joy, and 
Humason have published the absolute magnitudes, as determined 
from spectroscopic criteria, of practically all the M stars brighter 
than apparent magnitude 6.0 and north of declination —30°. All 
of these stars, at least as far as the spectroscopic criteria indicate, 
are giants. The reduction curves used for the different spectral lines 
were derived by the writer. The following account gives data re- 
garding the systematic and accidental errors affecting the results. 

The general method used by Adams was to select lines which 
apparently varied with absolute magnitude. As an indication of the 
general order of absolute magnitude, the reduced proper motion 
H=m-+5 log uw was used. The existence of a correlation between 
line-intensity and H was accepted as an indication that a line could 

t Astrophysical Journal, 64, 225, 1926. 
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be used for determining the absolute magnitude. The lines finally 

used are given in the paper cited. 

For each line groups of stars were formed having a small range 
in line-intensity and spectral subdivision. An approximate mean 
absolute magnitude was then computed from the peculiar motions 
by methods explained later on. The resulting reduction curves for 
the different lines were slightly adjusted with the aid of the correla- 
tion data for individual lines, so that all the lines would give, as 
nearly as possible, the same absolute magnitude. The absolute 
magnitudes derived from the adjusted curves are denoted by M,. 
Corrections to this system were then computed with the aid of addi- 
tional data which had been obtained in the meantime. The results 
of this last computation are given below, together with the deriva- 
tion of the formulae for computing the mean absolute magnitudes 
and their dispersion. 

The following notation is used: 

M =the true absolute magnitude of a star; M/,=the provisional absolute magni- 
tude derived from spectroscopic criteria; S=the systematic correction to a 
mean MM, to reduce it toa mean M; A=the difference between M and M,+S 
for an individual star; m=the apparent visual magnitude from the Henry 
Draper Catalogue; w= the true parallax; 7, =the spectroscopic parallax de- 
rived from the difference M: —m; r= a peculiar angular cross-motion, 
either perpendicular to the great circle toward the assumed solar apex 
(7-component), or a proper-motion component along any axis after the 
parallactic motion projected on this axis, calculated with 7: as an approx- 
imate value of the parallax, has been subtracted; 7’=an angular peculiar 
motion divided by the parallax 7; for the same star; Tm and T'm=the average 
values of r and 7’ taken without regard to sign; 0=average peculiar radial 
velocity in km/sec., without regard to sign; e=the peculiar linear cross- 
motion projected on the same axis as 7; k= 4.738 km year/sec., numerical- 
ly equal to the mean distance of earth to sun in kilometers divided by the 
number of seconds in a year. 


We have then 


M=M,+S+A, (x) 
T= 0.1 X 10°?) = 796 , (2) 
where 
W1= 0.1 XK 109-2Ma—m) 
i, — 09-25 : 6= T0224 (3) 


kr=Te=77,06€. (4) 
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The errors A are supposed to be distributed according to a normal 
error function around a zero value, and the dispersion is defined by 
the equation ' 


We have 
M=M,4S , 
where a bar above a symbol denotes an algebraic mean. 
Further, 
Ti ee I 


- +0 _“ 
6=10 Sey a 10°-4 @ 2g dA=A . (5) 
—~ 


The following relation between A and q is then found: 


g=50 Mod log A=21.71 log A. (6) 
The approximate formula 
__ 10.029? 
A= TT Mod 


was given in Contribution No. 199, page 6," and can be used for ¢ 
less than about +1.0, but the general formula (6) is equally simple. 

Before forming means of the equations (4), we must consider the 
correlations between 6 and the other quantities present. The errors 
A arise from several causes. First, there are errors in the measure- 
ments of the line intensities; further, the true line intensity may 
vary, the true absolute magnitude remaining constant; and, finally, 
the true absolute magnitude may vary while the spectral criteria used 
remain unaffected. We may thus expect correlations between A and 
M, and between A and M, the former being particularly marked if 
the true absolute magnitude varies less than that spectroscopically 
determined, and the latter, if the reverse is the case. In equation 
(4) we may thus expect a correlation between 6 and 7z,, and also 
between 6 and 7, and, consequently, between 6 and 7. The correla- 
tion between absolute magnitude and velocity would produce a 
correlation between 6 and e, but, since the change in mean peculiar 
radial velocity for the different groups is in this case practically 
zero, we need not consider the last correlation. 

t Astrophysical Journal, 53, 18, 1921. 
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Forming the mean for equations (4), disregarding their signs, 
we find 


htm=T0=75 00 . 


We thus obtain 
pa arb om ois. (7) 
We cannot here separate 7, from é. 


Dividing equation (4) by 7; and forming similar means, we find 
ob0=kri, . 
Since, by (5), 6 is denoted by A, we may write 


_ htm _ 


oA 9 


gas (8) 
To determine o and A separately, we must have recourse to 
moments of second order. First, we derive from a relation analo- 


gous to (5), 
4 


Prey gy Pe (9) 


Dividing equations (4) by 7, and forming the means of the squares, 
we find 


kr? =07Ate . 


From this and equation (8) we obtain 


A?=———=., (10) 


Here for €& we may use the mean-square peculiar radial velocity. 

When the proper motions themselves are small, the values of Tm» 
and r,, in equations (7) and (8) are systematically affected by the 
errors in the measurements. To correct them, I have used the 
formulae 


Corr. t, Corsage | n? 
= = [—_ 


Tm Tm 


where 7 is the average error, assumed to be +0%003, in a component 
of the proper motion. 
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To increase the accuracy, the proper motions have been cor- 
rected for the systematic errors in right ascension as given in Boss’s 
Catalogue, page xxviii. To the proper motions in declination, Ray- 
mond’s corrections’ were applied. Further, use was made not only 
of the r-components, but also of the components of proper motion in 
right ascension and declination, corrected for parallactic motion 
with the aid of 7, as an approximate value of the parallax. The 
formulae used are 


Ta= Mi— By; ; T5= Mo— Bary 
kB,=2_ SiN a—Yp COS a 


kB,=, cos a sin 6+, sin a sin 6—Z, cos 6, 


where %, ¥o, and z are the equatorial components of the sun’s 
motion. This motion has been assumed throughout to have the 
co-ordinates a=270°, 6=+30°, v=20 km/sec. Although the solar 
motion as derived from the radial velocities of the M stars has a 
value of about 23 km/sec., this difference has no appreciable effect 
upon the mean peculiar motions. In the computation of A?, only 
the actual r-components were used. As long as S and o are small, 
there is no systematic difference between the results from the r- 
components and from 7, and 75. 

The quantity A and the corresponding dispersion can be com- 
puted from equations (10) and (6) only for fairly large groups. If the 
dispersion thus found is assumed to hold also for the smaller groups, 
individual determination of o can be made for these groups. 

The three quantities o, o,, and o, represent the factors by which 
the provisional spectroscopic parallaxes 7, must be multiplied in 
using them to obtain the most probable absolute magnitudes, the 
mean parallaxes, and the mean linear tangential motions. The 
corresponding corrections to M, are S, S;, and S2, defined by the 
equations 


S=5 logs, S:='5 log a: , S2=5 logo. 
The data computed by these formulae are collected in Table I. 
The third and the last row may be regarded as representative for 


: Astronomical Journal, 36, 129, 1926. 
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the supergiants and the ordinary giants, respectively, although no 
sharp dividing limit can be given. The quantity r is the probable 
error in the spectroscopic absolute magnitude for a single star, and 
is simply the dispersion g converted into probable error. An impor- 
tant feature is the small variation in 6, which is derived from the 
radial velocities for the same stars whose proper motions are used. 

Figure 1 shows the relationship between /, and the computed 
mean absolute magnitude M, which is equal to M,+S. The line 


Fic. r.—Correlation between absolute magnitudes M,, derived from line inten- 
sities by using a provisional system of reduction curves, and the absolute magnitudes 
M derived from peculiar motions. 


drawn was used in deriving the systematic corrections to the system, 
and the residuals are denoted by S’, St, and S;. These quantities 
may be regarded as the residual systematic corrections to the 
absolute magnitudes, as published by Adams, Joy, and Humason, 
which are to be applied according as it is desired to find absolute 
magnitudes, mean parallaxes, or mean tangential motions. They 
are all smaller than their mean errors and can well be neglected. 
Appreciably different reduction curves have been used for the 
different spectral subdivisions. In Contribution No. 199, on the other 
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hand, the same reduction curves were used for all spectral subdi- 
visions. Although the line intensities vary considerably, the new 
reduction curves make the ordinary giants of all spectral subdivisions 
of nearly the same visual absolute magnitude. The small dispersion 
in absolute magnitude for these stars is quite remarkable. This 
cannot be due to a failure of the spectral criteria, for, as seen by the 
diagram, the variation of M with respect to M, is practically linear 
throughout the entire range of absolute magnitude. If we compute 
the dispersion in absolute magnitude among the supergiants and 
ordinary giants separately by assuming the absolute magnitude to 
be constant, we find by formula (zo), (where 7’ now is equal to 
710°") g=1.17 and 0.70 mag., respectively, corresponding to 
the probable errors of +0.79 and +0.47 mag. This means that the 
dispersion in the ordinary giants is so small that, if we could separate 
them from the supergiants, which have a much larger dispersion, 
we should attain nearly the same accuracy by giving them all the 
same absolute magnitude. 

Part of the error in the absolute magnitude arises from error in 
the measurement of the line-intensities. If we estimate the prob- 
able error from this source to be +0.2, a somewhat larger amount 
must be due to a lack of correspondence between the spectral 
criteria and the absolute magnitudes. 

The most important question, however, concerns the reliability 
of the systematic corrections. To determine the corrections, paral- 
lactic motions have also been used, but the results are very uncer- 
tain, mainly because of the large dispersion in velocity. The solar 
motion as computed from a small number of radial velocities has 
little weight, and, similarly, the group motion for a small number of 
objects may differ greatly from that derived from very large groups. 
Further, the underlying assumption is quite different from that 
used in dealing with peculiar motions. The assumption usually 
made is that the linear group motion is known and that the sum of 
the squares of the peculiar angular motions is a minimum. When 
the dispersion in linear motion is large, the result must be very un- 
certain, and may even be systematically affected. Systematic errors 
in the proper motions are also very serious, since the motions them- 
selves are very small. Further, in using peculiar motions, all stars 
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have the same weight, which is not at all the case when the paral- 
lactic motions are employed. 

In the present case, we find that the absolute magnitudes com- 
puted from parallactic motion, with a solar motion of 23 km/sec., 
would be brighter by 1.02 for the supergiants and 0.49 for the ordi- 
nary giants. A similar discrepancy was found for the long-period 
variables." 

The adopted value of the average error in the proper-motion 
components, which was supposed to be +0%003, may be too small. 
If we assume an error of +0%008, the effect on the magnitudes of 
the two classes of stars would be to make them 0.12 and 0.05 mag. 
brighter, respectively, than the published values. The uncertainty 
from this cause is therefore not serious. 

The trigonometric parallaxes are very small and not numerous 
enough to determine the mean absolute magnitude with the same 
accuracy as can be derived from the peculiar motions. Using the 
parallaxes compiled by Schlesinger, we find the systematic correction 
to the provisional system to be +0.24 mag., which is in good agree- 
ment with the results from peculiar motion. For an assumed 
probable error of +0%007 in the trigonometric parallaxes, the corre- 
sponding probable error in the absolute magnitudes is +0.3. A 
larger probable error in the trigonometric parallaxes would make 
the probable error in the absolute magnitudes even smaller. But 
all results from the trigonometric parallaxes are rather uncertain, 
and it seems better to reverse the process and determine the errors 
in the trigonometric parallaxes from the spectroscopic values. 

Although the cause of the systematic difference between the 
results based upon peculiar and parallactic motion is still obscure, 
there can be little doubt about the small dispersion in the visual 
absolute magnitudes. Moreover, a systematic correction as large 
as 0.5 mag. cannot be applied to the absolute magnitudes without 
producing a serious discrepancy between the dispersion in tangential 
and radial velocities, which is of special importance when the paral- 
laxes are used for computing space velocities. 


Mount WILSON OBSERVATORY 
December 1926 


1 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 97, 1924. 
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A STUDY OF THE INFRA-RED SOLAR SPECTRUM 
WITH THE INTERFEROMETER 


By HAROLD D. BABCOCK 


ABSTRACT 


Solar wave-lengths in the infra-red—The solar spectrum in the interval \ 6868- 
d 8980 has been photographed on plates sensitized with neocyanin through inter- 
ferometers crossed with a concave grating. The methods and apparatus used are de- 
scribed, and also some of the precautions taken to avoid instrumental errors. The 
wave-lengths of 507 lines (Table If) were measured in terms of oxygen band lines due to 
terrestrial absorption, and are expressed on the weon scale. 

Identification of solar lines——Of the 507 lines measured, 176 are of solar origin; 
most of the remainder are probably lines of terrestrial water vapor. The measurements 
have been used for a revision of the identification of solar lines, but refined laboratory 
wave-lengths are much needed for further work. The more prominent solar lines still 
awaiting identification are listed in Table IV. 

Differences between solar and terrestrial wave-lengths—In the absence of precise 
laboratory data for vacuum spectra in the infra-red, the new solar wave-lengths are 
compared with interferometer measurements on the spectrum of a short iron arc at 
atmospheric pressure. This brings out clearly the correlation of multiplet grouping, 
excitation potential, and behavior under increased excitation with the combined influ- 
ence of pressure displacement and pole effect. The data, though not definitive, are 
consistent with the gravitational displacement predicted by Einstein. 


INTRODUCTION 


The photographic difficulties which have somewhat retarded the 
progress of spectroscopy in the near infra-red have recently been 
markedly reduced. A new sensitizing material, neocyanin, makes it 
easy to obtain photographs which with dicyanin are troublesome 
and unsatisfactory. This is particularly important in investiga- 
tions involving precise measurements, where instrumental changes 
and variations of observing conditions become a serious drawback, 
if the exposures are greatly prolonged. This paper presents the re- 
sults obtained from a series of photographs of the solar spectrum 
covering the region \ 6868-A 8980, neocyanin being used for wave- 
lengths greater than A 7300. 

The plates, which were prepared by Mr. C. E. K. Mees at the 
Research Laboratory of the Eastman Kodak Company, require a 
brief treatment with ammonia to make them ready for use. They 
keep indefinitely before this treatment and for at least two months 
afterward. Their maximum sensitivity is at \ 8300; their absolute 
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speed is far higher than that of plates prepared with dicyanin; 
and, in addition, the negatives are free from fog and brilliant in 
contrast. 

Although it has been found that terrestrial absorption lines domi- 
nate the infra-red solar spectrum, both in number and in average 
intensity, the several hundred recognized solar lines offer valuable 
opportunity for study. Some prominent unidentified solar lines call 
for new data from the laboratory, and accuracy of a comparatively 
high order is required in both solar and laboratory wave-lengths for 
fixing their origin. But beside the possibility of bringing to light 
elements hitherto unrecognized in the sun, it is perhaps more im- 
portant to examine in greater detail the application of the fruitful 
theory of ionization to astrophysical problems, and to add to the 
impressive mass of data bearing on the existence of the Einstein 
effect the results of a study of that part of the spectrum in some 
ways peculiarly suitable for a test. 

Grating measurements of the solar spectrum \ 6500-\ gooo have 
been published by W. F. Meggers,’ and F. S. Brackett? has studied 
the region \ 8g00-A 9850, but the methods employed were not suffi- 
ciently refined to yield wave-lengths accurate enough for any but the 
obvious identifications of solar lines. These papers are very useful 
for distinguishing between solar and terrestrial absorption lines and 
in providing wave-lengths sufficiently approximate for the reduction 
of observations made with the interferometer. The work of K. 
Burns? gives no wave-lengths in the infra-red region. No measure- 
ments made by the interference method in this part of the solar 
spectrum appear to have been published. It is hoped that the data 
now made available will be confirmed by other observers and that 
interpolation by the grating method will promptly be undertaken. 

The observations presented here are part of a study of the whole 
solar spectrum photographically accessible, which has long been in 
progress at this Observatory. Results for the visible region, based 
on extensive measurements with gratings of high dispersion and with 
interferometers, will soon be published. 


* Publications Allegheny Observatory, 6, No. 3, 1919. 
? Mt. Wilson Contr., No. 197; Astrophysical Journal, 53, 121, 1921. 
$ Lick Observatory Bulletins, 10, 64 (No. 327), 1920. 
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METHOD 


The Fabry-Perot interferometer with concave grating for auxili- 
ary dispersion, which forms part of the equipment of the Pasadena 
Laboratory, has already been described.t This apparatus, so effec- 
tive for the study of emission spectra, has proved suitable for ex- 
tensive work on the solar spectrum as well. For this purpose, a 
coelostat was built in the instrument shop of the Observatory and 
mounted on the roof of the laboratory, where a second flat mirror 
directs the light vertically downward into the building upon a third 
mirror, which reflects it horizontally to the spectrograph. Space 
is lacking for the installation of a long-focus objective which would 
provide a large image of the sun. Instead, a lens of about 1-m focal 
length is used, and the measurements are made upon the spectrum 
of integrated sunlight. The lens, a visually corrected achromat of 
g.5-cm clear aperture, produces a small image of the sun in focus on 
the etalon. The latter is so placed with respect to the concave mirror 
which projects the interference pattern on the slit that.a real image 
of the sun 5 cm in diameter is formed on the ruled surface of the con- 
cave grating. 

The integration of light over the whole disk necessarily pro- 
duces spectral lines wider than those obtained from a restricted 
area of the disk. This disadvantage is not serious, however, since 
the lines in this part of the spectrum are inherently wide and the 
additional width is not relatively large. Quite apart from this effect, 
which is due primarily to the rotation of the sun, is the question of 
the comparability of wave-lengths derived from the center of the 
disk and from the entire disk. The well-known limb effect, although 
made somewhat less effective by the darkening at the limb, might 
be expected to produce slightly longer wave-lengths when inte- 
grated sunlight is used than when light is isolated from the center of 
the disk. An examination of the data available indicates that for the 
visible spectrum this difference can hardly exceed 0.001 A, a result 
confirmed by direct spectroscopic comparison. Data are lacking 
for such a comparison in the infra-red, but it is improbable that the 
wave-lengths of integrated sunlight can exceed those from the 


t Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 138, 1917. 
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center of the disk by more than 0.002 or 0.003 A at \ gooo, which is 
near the limit of accuracy obtainable in that region. 

The grating now in use was ruled in the instrument shop of the 
Observatory by Mr. Jacomini. It has 66,100 lines, spaced 600 to 
the millimeter, and the area of the ruled surface is 110 sq. cm. It 
gives exceptional brightness in the infra-red of one first-order spec- 
trum, with some false light due to imperfection in the ruling. With 
the use of filters excellent contrast is obtained on photographs ex- 
tending to 8980, which is the limit set by the space available for 
turning the camera. 

Various filters were used; such as cobalt glass, Prussian blue in 
gelatin, and aqueous solutions of malachite green, with an ordinary 
red screen added for removing the short wave-lengths which they 
transmit. Occasionally the solution of malachite green was made 
dense enough to require no auxiliary screen. My thanks are due to 
Mr. Pettit for examining with a thermocouple the transmission of 
several screens over a wide range of wave-length. His observations, 
which will be published when completed, indicate that between 
7000 and d gooo the cobalt glass Corning G585M, 3.5 mm thick, 
is the most efficient of the screens tested for the special purposes of 
this investigation. 

The extent of spectrum to be photographed at one time and the 
curve of sensitivity of the emulsions to be used, together impose con- 
ditions on the properties of the screen which can be only approxi- 
mately fulfilled. With some combinations of screens it was neces- 
sary to reduce the exposure of one part of the plate by means of a 
light shutter in front of the plateholder. In some instances a portion 
of one photograph was permitted to overexpose, and was subse- 
quently reduced with potassium ferricyanide. For a few plates a 
region of under-exposure was copied twice by contact printing on 
emulsions of strong contrast, in order to make more lines available 
for measurement. In such cases the measurements on the original 
negative were carefully compared with those of the same lines on the 
copy in order to allow for any possible change of scale. Fifteen or 
twenty lines, inaccessible on certain original plates but measurable 
on others, were thus made to yield accordant results. 

In the description of the spectrograph to which reference has 
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been made, it was stated that flat plates 10 inches long were used. 
Since that was written, the plateholder has been changed to accom- 
modate plates 16 inches long. The radius of curvature of the focal 
surface is readily calculated from the elementary theory of the con- 
cave grating, details of which need not be repeated here. It turns 
out to be nearly 131 cm. Attention is directed to this point because 
in one description of this type of spectrograph it is erroneously 
stated that “the grating focused the spectra in a circle with its 
center at the grating and radius equal to the focal length of the 
grating.” 

A very satisfactory procedure consists in using three flat plates, 
each 5 inches long, held tangent to a form having the correct curva- 
ture. The residual errors in focal position of the plates are entirely 
negligible under these conditions, and the reduction of the measure- 
ments is facilitated. 

The method of reduction developed and described in a previous 
paper’ has been slightly modified to adapt it to the increased range 
of spectrum covered by each plate. The plate constant is now a 
constant only for the central section of the photograph; for the end 
sections it must be slightly increased, because the magnification of 
the spectrograph is slightly less at the ends of the plateholder than 
in the center. This variation is represented for each photograph 
by three straight lines on a diagram having wave-lengths for ab- 
scissae and values of the “‘constant”’ (or its four-place logarithm) as 
ordinates. From the radius of curvature of the focal surface the 
symmetrical relation between these lines is calculated once for all, 
so that it requires only a moment to construct the diagram after a 
value of the ordinate for any point is determined. From a large num- 
ber of measurements corresponding to known focal settings of the 
spectrograph, an instrumental constant has been found by means of 
which the ordinate for the central section of the plate can be calcu- 
lated with higher precision than it can be measured for a single 
plate. No measurements are required except those of the ring diam- 
eters themselves. 

Etalons of 2.5, 5.0, 7.5, and 10.0 mm thickness have been used 
in this investigation, with four pairs of planes—two of fused quartz, 

I Mt. Wilson Conir., No. 202; Astrophysical Journal, 53, 43, 1921. 
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one of crystalline quartz, and one of glass. Most of the observations 
have been made with films of gold sputtered on the quartz planes, 
two different thicknesses of metal being used. Silver films were used 
for two photographs, and copper films were tried, but these gave a 
distinctly lower ratio of reflecting power to transmission coefficient 
than gold. The results are based entirely on photographs made 
with gold and silver. 

The correction for change of phase has been found in the usual 
way by the use of etalons of different thickness having the same 
metallic films. For a to-mm etalon with gold films the correction 
amounts to only —o.oor A for wave-lengths observed at \ 7700 in 
terms of standards at \ 6900, and it is a linear function of the wave- 
length. I am indebted to Mr. Pettit for thermocouple measurements 
of the transmission of one of my thinner gold films. He finds that 
the light transmitted falls uniformly from 27 per cent at \ 7000 to 
15 per cent at A gooo. Evidently no marked variation in the optical 
constants of gold occurs within this region, and no great phase 
change is to be expected. 

The phase correction given above is in excellent agreement with 
a previous determination for a different pair of films, which were 
studied in the region \ 6000-A 7438. It would appear that sput- 
tered films of gold, like those of silver, are highly reproducible, at 
least with respect to the properties which determine the so-called 
“phase change.” In fact, for silver, it has been found that the 
amount of the correction is the same for films two years old as for 
those a few hours old; for thick films as for thin ones; for those 
sputtered in one laboratory as for those made elsewhere. In all 
probability the same is true for gold. 

During the course of the investigation the entire optical system 
was purposely displaced and readjusted with extreme care. The 
concave mirror used for projecting the interference pattern on the 
slit was replaced by another of nearly the same focal length, and 
every detail of the operation of the apparatus was thoroughly 
examined. 

Diaphragms were used to prevent all useless light from reaching 
the etalon, and a water cell was usually inserted in the beam of 
light. The effect of exposing the etalon continuously to the solar 
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image under conditions distinctly less favorable than those regularly 
employed was tested by using the very fine line \ 6292, due to ter- 
restrial oxygen, for a series of visual measurements of the thickness 
of the etalon. Seven sets of readings made at ten-minute intervals 
showed a steady increase in thickness, amounting to one part in one- 
and-a-half million at the end of an hour, The sunlight was then cut 
off, and a half-hour later a trial showed that the thickness had con- 
tinued to increase at about the same rate. In making photographs 
of the infra-red spectrum, the total energy incident on the etalon 
was less than one-half of what it was in this test. The lines on long 
exposures appear as sharp, and give the same wave-lengths, as on the 
short ones. 

The well-known difficulties of securing reliable comparison 
spectra for precise measurements of wave-length are no less trouble- 
some in the infra-red region, where exposures are sometimes neces- 
sarily prolonged. Neither the method of simultaneous exposures nor 
that of successive exposures is satisfactory for use with the inter- 
ferometer in this part of the spectrum; and the overlapping higher- 
order spectra are not available, because interferometers economical 
of infra-red light generally have too little reflecting power to pro- 
duce good fringes in violet light. 

Instead of employing directly either the primary standard or 
any of the adopted secondaries, it was decided to refer all measure- 
ments to the wave-lengths of selected absorption lines of terrestrial 
oxygen which have been well determined from secondary standards 
in the spectrum of neon. These oxygen lines offer definite advan- 
tages, since they are automatically present on photographs of the 
solar spectrum, under conditions of illumination identical with 
those obtaining for the solar lines. Furthermore, many of them are 
very sharp, and a thorough examination has shown’ that they are 
constant in position within the errors of established methods of 
observation. The use made of them here confirms the reliability 
of both oxygen and water vapor lines, at least for solar altitudes 
greater than about 4o°. 

The work was done between June g and October 28, 1926, at 
different hours between 9:00 A.M. and 4:00 P.M. No evidence of 

* Mt. Wilson Contr.. No. 223; Astrophysical Journal, 55, 321, 1922. 
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variability in position is shown by any of the observed wave-lengths, 
except that due to the motion of the apparatus with respect to the 
sun. Corrections for this motion ranging from —o0.013 to +0.015 A 
were applied to the observed wave-lengths of all solar lines, and it is 
an indication of the accuracy of the results that the application of 
these corrections always increased the accordance of the data. In 
fact, one may readily distinguish between solar and terrestrial lines 
without using the rotation of the sun, by taking interferometer plates 


TABLE I 


Wave-LEeNncTHS OF OxyGEen Lines USED AS STANDARDS; 
NEON SCALE 


a-Band B-Band A-Band 
6276. 609 6868.915 6893. 309 7676.563 
6276.818 6869 .093 6896.037 7677.618 
6278.878 6870.946 6896.965 7682.756 
6279. 100 6871. 285 6899.954 7683 .800 
6279. 896 6872. 247 6900. 868 7689.177 
6280. 393 6872.843 6904. 117 7690. 217 
6281.178* 6873.798 6905 .023 76095.837 
6281.956* 6874.653 6908. 534 7696. 868 
6283.795* 6875.590 6909. 431 
6287.747 6876. 715 6913. 200 
6289. 397 6877 .637 6914.090 
6290. 222 6879.041 6918.122* 
6292.162* 6879 .928* 6919.002* 
6292.957* 6883 .832* 6923.302* 
6205.178* 6886. 743 6924.172* 
6295.961* 6888 .948 
6302.001 6889.903 
6305.810 6892. 369 


at such hour angles and longitudes of the sun as to make use of the 
variation in the earth’s motion with respect to the sun. 

With the exception of three short gaps of about 200 A each, 
atmospheric lines suitable for use as secondary standards of wave- 
length are distributed over the entire region \ 6900-A gooo. In 
contrast with the solar lines in this part of the spectrum, the atmos- 
pheric lines are notable for their great sharpness and blackness. 
They will undoubtedly prove of material assistance in further work. 

In Table I are given the wave-lengths of some oxygen band lines 
which have been found particularly useful as working standards. 
Attention is specially directed to the fact that all the wave-lengths 
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communicated in this paper are independent of the adopted system 
of secondary standards in the iron-arc spectrum. It is now fully 
recognized that a slight revision of that system is necessary in order 
to make it accordant with the primary standard and with the adopt- 
ed secondaries in the spectrum of neon. The latter, however, have 
shown no appreciable errors under the most critical scrutiny, and 
the adopted wave-lengths may be accepted with confidence. For 
this reason the data given in Tables I and II have been marked 
“neon scale,” and it is hoped that they are free from systematic 
errors. New measurements of the wave-lengths of iron-arc lines 
have now been completed at this Observatory for the region \ 3400- 
6750, which will soon be ready for publication. 

The data given in Table I for lines in the a-band were derived 
from thirteen plates made with the interferometer and an equal 
number of grating plates. For each kind of exposure two entirely 
different instruments were used, one on Mount Wilson and one in 
the Pasadena Laboratory. In some cases the neon standards were 
used, while in others the revised values of the iron standards fur- 
nished the reference system. The agreement among the separate 
determinations is excellent, and the wave-lengths are probably 
reliable to the nearest o.oo1 A. Lines marked with an asterisk 
are of slightly higher weight than the remainder. 

The B-band lines of Table I were measured in terms of the best 
lines in the a-band on from six to thirteen interferometer plates. 
These plates also were made with two different instruments, as in the 
case of the a-band plates. The B-band lines were arranged in two 
groups corresponding to the two branches of the band, and the 
vacuum wave numbers were examined by taking first and second 
differences consecutively. The second differences are very accord- 
ant, the most probable value being 0.518 cm~? with a probable error 
of +0.002. On the wave-length scale this corresponds to an un- 
certainty of about +0.001 A in the relative values, which is nearly 
the same as the uncertainty in the absolute values of the wave- 
lengths. 

The relative values of the best lines in the B-band have been 
further studied by using these lines as standards for determining the 
thicknesses of the etalons in the regular course of reduction of the 
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infra-red photographs. When the thickness is found from ten or 
twelve such lines, the probable error in the mean value is somewhat 
less than one part in ten million, and no systematic deviations are 
shown by the individual lines. 

The A-band lines given in Table I were measured in terms of the 
B-band on twelve excellent interferometer plates made with four 
different lengths of etalons and three different pairs of films, both 
gold and silver. The variety of instrumental equipment used and the 
accordance of the results inspire confidence in the reliability of these 
working standards. Measurements made in terms of these A-band 
lines are in excellent agreement with those which are referred directly 
to the B-band. 

Much of the measurement represented in this paper has been 
done under my direction by Mr. W. P. Hoge, and it is a pleasure to 
acknowledge my appreciation of his interested co-operation. Part 
of the photographs have been measured in duplicate and others 
solely by myself. The accordance of the measurements is closer 
than the nature of the lines would lead one to expect, even the wide 
solar lines showing accidental errors of only a few thousandths of 
an angstrom. As examples, the results from individual photographs 
are given below for the atmospheric line \ 8329 and for two solar 


d 8329.685 d 8085. 183 d 8515 .124 
8329.681 8085 .185 8515.122 
8329.685 8085 .173 8515.117 
8329.678 8085 .174 8515.123 
8329.678 8085 .174 8515 .123 
8329.679 8085. 168 8515.117 
8329 .673 8085 .171 8515-124 
8329 .681 8085. 164 8515.116 
8329.683 8085.175 8515.132 
8329.688 8085 .177 8515.120 
8329 .689 8085 .176 8515.115 


iron lines \ 8085 and d 8515. These lines were not specially selected 
and are typical of the material in Table II. For lines observed on 
ten plates, the average wave-lengths generally have probable errors 
somewhat less than +o.001 A, so that the probable error of a single 
determination may be taken as -£0.003 or 0.004 A as a rule. 

Table I, to which reference has already been made, gives in 
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TABLE II 


SoLAR SPECTRUM WAVE-LENGTHS; NEON SCALE 
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nN Int. | Substance |No. Obs. aN Int. | Substance |No. Obs. 
AU OR CO GEE Os IN A I TEER OOO Mae sti 2 Ni 8 
F200 nfo ls terete ° A 4 7TEOSLOOOe tee I Fe 9 
PASS Mey Woy eee Oe ooN | A, Fe 2 FETA OAO wats I Ni 8 
EASY pn aan ° A 2 Hite Snag hans I Fe be) 
W205 ROAd rete 5 A 4 TP RBOSOD Sy terae 2 Fe 7 
PA0Q a7 RZ cei cies ooN A 3 EQS L000 seawater 3 A 4 
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71 flee Whe F ae Oe 2N A 5 FEOS OOO; eee & A 2 
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PAGS LEO aces I A I ROBY CO meters 5 A 2 
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POORELOT eee 2 A 4 WEQS.OOd ea eres ° A I 
BROAN ate wine 3N A 5 OTD ORAL miter 23 A t 
fe soveiey | SO etpAG Ot I A 2 VOISeLOle ini 19 A r 
TAOOe BLOe ya\0 iets 2N A 6 VODs O80 ge ens 17d? A 2 
72ID, OLG te sate I A 2 OU. LAA arene rine Io A 2 
FatswsTO. eens ° A 4 SMONCY len panied 2 Ni 2 
WATO,O0GGr ee elokers I A 2 VOLQeOLane eine I Ni 4 
VCR Pete n A 4 40200972 tes oe rsd? A I 
7326.164....... ° Ca 3 7623.288......- 22d? A I 
WARTS AO vac eters I A I 7624.486....--+ 23d? A I 
WERO ESR Tani shea IN A 5 VOOR. Shon ara ° A I 
ERED eercrnaat I A 5 FOBT OA Gace 24 A I 
WAAR ABAD Seiecs. © I A 4 GOL3 6227 eects ca 25 A I 
WaAs O50. clan < ° A I 76201237 aeeraani ° A 2 
WOE VOW seias a2 ° A I VOGt OLOns erie 24 A I 
WAG AGO: oh eine ° A 7OS2 i103. 25 A ar 
PASO 00 ety Oe x Cr I TOBA LO Ons aes ° A 2 
73601 S40. res cia. I A I VOg hs LOOnemee te 24 A I 
200) 20000 6 oie ac I A 2 VOLO sa LOner Acie 25 A I 
aN aT? osrete cio. A 2 VORW May Antero ° A I 
TRA Oa OBE Sao 2 Fe 6 OZR dO lenders ° A 5 
PaG5 O10. aes 2 Ni 7 HSA SU 6 5e 22 A I 
PANO SISA <6 «5,33 i Gr 3 4040003 ems 23 A i 
74OS.790.....6% I Si 4 TOAD OMA ae ets ° A 4 
TAOQ CSR, cows "3 Ni I A OAD SLO Caer 18 A I 
PARP OLE BSS oo tre I Fe 6 OAS SLOns ye 19 A i 
WANA SEZ os) tn I Ni 5 TOA. TOM sree ° A 3 
AER ORV Oe, saetes I Si 3 4¥OA0 O82. 00+ oe 15 A I 
PATS. OF Ava; 52.0 ° Fe I T OAGE 5 OGwe eee ° A I 
WAD2. 2004, te << I Ni 4 FORO. T20 1. sere > 16 A I 
AOS BOOS sie I Si 4 7 OA OO eeinns 12 A 2 
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TEE eh hoe eee I Ni 4 7004s SSOF sae 6 ASK I 
SAN is ea peo I Ni 5 FOOSEOR Dee 6 A 3 
PEITCTS 2. «3 ce-eie 2 Fe 5 7 O7OROOO™ emia 5 A 5 
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TABLE Il—Continued 


nN Int. | Substance |No. Obs. oN Int. | Substance |No. Obs. 
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WOSQeT7 7. «cs. cs 2 A 12 OOS: L 22a seis ° A 4 
VOOOS 207 etteierere > 2 A 12 FOUL S20. eae ° A 4 
WOODs5020. en a: 2 © Io VOOM ASA Zcereiie a I A 5 
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Ae OO OGae 2 Si?—| 9 Sram 080s. sees 4 A 5 
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TABLE Il—Continued 


oN Int. | Substance |No. Obs. nN Int. | Substance |No. Obs. 

aa G DO netics I A 7 8710130 34ne oe we fo) Fe 3 
a7 Os OAre nee erat I A 2 B72070.1. olan fore) © I 
Seely otic 3 Fe II OVDI, DEAG wider fore) Fe I 
BSQAMOTA, s acre as ° A I 717.832. ° © 4 
BAO TE ESA em cies ° A 2 S728. O22 ae eee ° 0) 4 
BAS SAQ0 ce oie ais ooN A I D7 20 sOAS pale ata: I © 5 
AOS e 7S Onnen a2 ° A 2 O7A2A00.. 6. es I —, Si 4 
(9. OE EAS Oren ener ° Ti I SUR POOA wave sra.cre I Si 4 
GARE ASS, ous: ° A 3 Bacto bas eres I Fe 3 
SAZOER TOUR ¢ oie 4 ° Ahi 4 SrOGe Oude werraee i Fe 4 
BASAS000n. 422 I Ti 5 STOOD Scene ° © 3 
ASG OBOne cee I Ti 4 OFT 2. OOO Minas ° © 3 
ey Ble niyek Woes ee ° Fe 9 S7OO.A SO nae es I Fe 2 
SAGO7 252). nce i) <0 A if siren eee y Lora were eae Fe 2 
8408-420... ..... 2 Fe, Ti IO BSOAR GAR osteo ° Fe 2 
CAT LEAS ee os ve fore) Fe I 88065708. 3.0. 4 Mg 3 
BAO7 C0865 6s ° Fe I GOLA as aa terete 2 Fe 4 
SAS 700TH. a a0 12 Cat: 4 B82) aoa ecete I Fe 2 
SSWANOOL sas gst « I Fe 9 88460748. 2 5550 fore) Fe I 
Shs LaLa es ° Fe II 8862050407. eae ° Ni I 
PLO P ns a e.ea ° Fe 8 88660872 chur I Fe 2 
Sedat a Wee cess 16 Cat 6 8868.444....... ° (0) I 
BERON TOS « saxiesi2 I Si? 9 SEyOssek reais. I A 7] 
[Skike] ey aa ae I Fe 8 GOOD VLAN eee ole ° A? 2 
S502. 00Se ss. fore) Fe 2 SOLD TOO comes ° (0) 2 
BOR ROO Teen aan oo © I SOL SL 7s eelaterere ° A I 
BEOOROR Zag as oe fore) Fe 2 8920,028........ ° Fe? A? I 
BOTT Olaeen nse. I Fe 8 8923548 ...4% fore) © I 
SOUBSTOAT.. wie aes fore) © I BOT. Boca ie x fore) © 2 
BOLO RO TU traci ie ° Fe,—| 3 8929.062....... I A, Fer I 
BOZTMOLO Rs alee I Fe 9 8930. 260....... ° A I 
SOASCAF2. ame 2 0) 8 Sea TOO ces I A 2 
BO0GST 7 Seca. os. 15 Fe,Cat] 4 BOAO. tO sree ° A 2 
BOPVARTSOns.. on I Fe 8 SOR 2 ILS 20 otters ° A I 
BOZO. 08 Beene ss fore) © I 805822002. - sass I A 2 
BOSOL BOS. esas fore) © 2 SOFT Oy eee ae ers 3 A I 
SO85.04200n, < 2 Fe 6 SOSOPSTO chins oe 4 A I 
BGOOLABO .rass « I Fe 5 


the first column the wave-length on the neon scale; in the second 
column, the intensity; in the third, the identification; and in the 
fourth, the number of plates on which the line was observed. When 
two substances are given for the same line, the symbol of the pre- 
dominant one is sometimes underlined. Solar lines of unknown 
origin are indicated by the symbol ©. The intensities are from 
Rowland’s table as far as \ 7330, and from the table of Meggers* 
thereafter. In the case of those atmospheric lines for which Meggers 


t Loc. cit. 3 
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gives a variable intensity, only his greatest value has been entered, 
since the variations on my plates were not particularly noticeable. 
With some changes which are discussed below, the identifications 
have been taken from Meggers, 

As noted above, corrections for motion in the line of sight have 
been applied to all solar wave-lengths in Table II. Corrections for 
atmospheric dispersion were found to be negligible throughout the 
investigation. 

DISCUSSION 

Comparison of the wave-lengths in Table IT with those in Row- 
land’s table shows a systematic difference in good agreement with 
that to be expected. The corrections required to transform the 
Rowland system into the international system range from —o0.247 A 
at \ 6900 to —0.300 A at d 7330, with evidence of numerous acci- 
dental errors much greater than those in the region of shorter wave- 
lengths. These are naturally to be expected when the difficulties 
which were faced by Professor Rowland in photographing the deep 
red are recalled. A more complete study of the differences between 
the Rowland and international systems, covering the entire Rowland 
table, is in progress at this Observatory and will soon be ready for 
publication. 

The paper of Meggers to which reference has already been made 
furnishes the only other wave-lengths available for extended com- 
parison with the data gathered here. The agreement turns out to be 
only approximate—a natural result, no doubt, of the method which he 
used. From \ 6900 to d 8000 his wave-lengths are systematically 
longer than mine by an average of about 0.025 A, but within these 
limits the correction curve has six maxima. The irregularity of the 
corrections is further indicated by the following average values: 


rx Correction 
42 BOW coeiutn: setae Che eee —o.065A 
TORO wade oleae Lc — O00: 
8050-82007 2. Saas eee . 000 
B200\.-2 hn 5 oc oe ee ee 1) O05 
8420.5 fos cae 7h ee 000 
867003. ie kets eee = .070 
S780 Fe nia el da ee ee —+- .035 
SOSO 5 ce vs Saree ee +0.075 
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Superposed on these systematic errors are accidental errors amount- 
ing frequently to +0.02 A. 

The correction curve was plotted and used for a revision of the 
identification of solar lines, the first results being collected in Table 
III. All the solar lines in Meggers’ table not given in Table II of this 
paper were revised by the curve and compared with the available 


TABLE III 


SUGGESTED CHANGES IN PUBLISHED IDENTIFICATIONS OF SOLAR LINES 


oN Int. | Identification} Revision r Int. | Identification} Revision 
GO20eTS er MOON siete cs wots Cu? 7447.91..| oo | Mn? Mn 
002252555.) (00 | Corn A Co, A DAAGEB Arts |) OO [rote as ayant Fet 
GOS32O2eq.)|/ OO} sv ns cme Fe TAQQE aS ae 2a ANGE Cr Bete. 
VOTES Den OOO Wes bins ats ansreit VOTE Os ae | OOM naethd oar Fet, Mn? 
VOUS 3 ae 2a Fe, A 7533-39..| oo | —Co? Fet 
7024.64... o | Fe, Ni? Fe i distog diss © ones fore oe aera nates © Mn? 
7024.86... Ol, ae emer Ni? TET Oe Tye ODO” | Pate eerie tere Zn 
VOLE OST OOO |) INIet es welt ais cre es 7655.44..] ooN| A A, Fet 
WOR Tm alan. o | A, Nip A, Ni ii ey he Tia | rte uate Fet 
7I4I.54...| 000 | Ni? Ni FOAL BO ae | OOO. IVETE mo! 0, hore ree state 
7104.43... Bye Bey Ar, Fer A? PBT TOS eel COON: soit area ae Mgt? 
7181.06... o | Fe? Ni Fe, Ni? TBP AO ee KOOO WI acrctsre oa cee Co 
7I91.65...| 000 | Fe? Fe FSOOsAO Rs IME OO lie etecmnerc ites Mgt 
Waa 2e BO ea ROON Ile e melee enone Fet 7Q08. 75. .| 0-2 || A, Cor A, Co 
WT RAZAwA Oe MOO UM oe crs, dee ien Fet 7949.15..] ooo | Tir A Disc 
7285.28... ey, | LGePeec ee Co 8085.44..| ooo | A? A? Co? 
PASSES bsg lakeoe | EC Wall rere eee ODL 2a ae OOs | [seater os Co 
7201.44... o | Ni Ni? 8179.05..| 2-4 | Fer A Fe, A 
F205403292 (10-0 || Ay Fer A, Fe 8395.10..| ooo | Ap Fer A? Fe 
WON See | BOOON! [otc fe ue ns Fet 8417.23..] ooo | A, Ni? A, Ni 
PEQOTOS Ee OOO | asians eare2 Fet 8468.42.. 2 | Fe Fe, Ti 
W2TO,1o...\\00-0 | A A, Fert 8710.39.. o | Fe Fer 
EON Bag o | Fe Fe, Fet 8929.04.. iA, Fer A, Fe 


7363.97...| OooN]| Ti Ti? 


laboratory data. The first column of Table III gives the revised 
value of Meggers’ wave-length; the second states the intensity 
which he assigned; and the third, his identification; while in the 
fourth column suggested changes are indicated. 

At this point it is well to remark on the need for improved labora- 
tory data in the infra-red region. The existing tables of arc spectra 
show discrepancies which frequently amount to 0.05 A, and in some 
cases to nearly o.1 A. Even with accurate data on the solar spec- 
trum available, the difficulties of identification are considerable 
when the basis of terrestrial wave-lengths is so insecure. Relative 
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intensities of lines, and especially relative excitation potentials or 
multiplet groupings, assume first importance in the solution of this 
problem; but such information is too often lacking. In addition it 
may be noted that very little has been published on the infra-red 
spectra of ionized atoms which are of astrophysical importance. 

In Table IV are collected all the stronger unidentified solar 
lines between \ 6900 and  gooo. Wave-lengths found by the inter- 
ference method are given to the third decimal; for other lines the 


TABLE IV 
STRONGER UNIDENTIFIED SOLAR LINES BETWEEN A 6900 AND J go0o 


» Int nN Int aN Int 
GOTT Onna 5-3 ° TESOe sess te ae ° 8248. SON wees ° 
OO7G5520.. sae ene ° MONG eaLvicieiste ei es I S3S al 7 Onis (ole) 
7OO5:Q0Sih wesc: I MOSOMOM arta meny ° SEVEN eB ou oN 
OTE OL rc marorene ° WOOOuOO mv aciare ° BSCR 122) cence ° 
OTE Sect ster tie yy ° VOOLE SOL aaiceite 2 S20. TO ment ° 
FOL TAOS Ss shuintisten ° FEO’ OO inter ceiel sors ° SOAS TAT 2c ras 2 
WORD RB hn ated mics ° VAOOS OOD estates ° OTM SOR 2am ° 
VORA LO sar she nice ie 2 fart Ae tare eripvese fe) SV 282022 a neneeens ° 
Aeros ° AO aks Oates fo) STBAOLOA Sa tae aa it 
OEOG SR neler se vice fo) VSAQ UO SAW aaa aie I hi arew hela rece fo) 

EX AG Scotia oak 2 VOBOCO Leste rae ONG HES7 732000 merases ° 
Chae Wiel RE a ae ° FORA LOOLs vie a dies 2 SSOS AAA eee ° 
EN ACEE ES pears Cre ° SOsh OZ mien ° SOUL TOO ens ° 
OO knees ot IN BOOST TL re aie ONS S074 eee I 
AAO LOG sg stn lies I HRC TORY ren de ae 0-3 


revision of Meggers’ value is given. An attempt has been made to 
examine the behavior of these lines in the spectra of sun-spots, but 
for most of them definite results have not yet been found. A few 
lines are clearly much weakened in the spot spectrum, which indi- 
cates that they should be sought among the spectra of ionized ele- 
ments or among the high-temperature lines of arc spectra. 

In Table V the solar wave-lengths from Table II are compared, 
as far as possible, with the iron-arc wave-lengths obtained with 
the interferometer by Meggers and Kiess.t The third column of the 
table shows the differences, sun minus arc; the fourth and fifth 
columns give the excitation potential? and the multiplet designation,3 

* Scientific Papers of the Bureau of Standards, 19, 273 (No. 479), 1924. 

? Unpublished results of Professor Russell and Miss Moore. 


3 Meggers, Astrophysical Journal, 60, 60, 1924; Laporte, Proceedings Nat. Acad. 
of Sciences, 12, 496, 1926. 
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respectively; while the sixth indicates the behavior of the lines in an 
arc carrying over 1000 amp., as observed by King.’ Here S means 
that even under this extreme excitation the line remains sharp; 
u, indicates great widening toward the side of longer wave-length, 
without reversal; vu, means partially reversed, with great dis- 
symmetry, the long-wave side being stronger; w. means small 
widening without dissymmetry. As King’s data for iron do not at 
present extend beyond dX 8400, only two members of the D-H mul- 
tiplet are referred to in the sixth column. 

In examining this comparison it should be remembered that the 
arc used by Meggers and Kiess was operated at atmospheric pres- 
sure with a current of 6 amp. and an arc length of 6 mm. The light 
was partially integrated by the method of projection. Under such 
conditions the wave-lengths of all sensitive lines exhibit a large 
amount of pole effect,? causing displacements from their normal 
positions amounting to several hundredths of an angstrom, toward 
the red for groups c; and d, toward the violet for group e. No lines 
belonging to group e occur in Table V. This group has not yet been 
definitely recognized in the infra-red spectrum of iron, and it may 
here be ignored. 

The evidence of low pressure in the solar atmosphere may now 
be considered conclusive. Saha,3 St. John,’ Russell,’ Stewart,° and 
St. John and Babcock’ have shown, both from theoretical considera- 
tions and from several kinds of observational data, that the pres- 
sure in the sun has a negligible influence on the positions of Fraun- 
hofer lines. 

Two causes evidently operate to make the wave-lengths of the 
arc lines in Table V appear too great with respect to their values in 
the sun, namely, the higher pressure existing in the arc and the pole 
effect. These causes will be effective to varying degrees with 
different types of lines, but in general they will rise and fall together. 

t Mt. Wilson Contr., No. 298; Astrophysical Journal, 62, 299, 1925. 

2 Mt. Wilson Contr., No. 106; Astrophysical Journal, 42, 1, 1915. 

3 Philosophical Magazine, 40, 809, 1920. 

4 Contributions of the Jefferson Physical Laboratory, 15, 1921. 

5 Mt. Wilson Contr., No. 225; Astrophysical Journal, 55, 134, 1922. 

6 Physical Review, 22, 324, 1923. 

7 Mt. Wilson Contr., No. 278; Astrophysical Journal, 60, 399, 1924. 
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The correlation shown between the last four columns of Table V 
is emphasized by the rearrangement of the data in Table VI, where 
mean values of the differences sun minus arc and the excitation 


TABLE V 


COMPARISON OF SOLAR AND Arc WAVE-LENGTHS FROM 
INTERFEROMETER MEASUREMENTS 


ALA. 
SUN Hicu- 
hee minus E.P. Votts | MorrieLet CURRENT 
Table II Meggers and ARC Arc 
Kiess 
OOLOUOWi..« seoniaeireeee . 709 —0.032A 4.136 JA Ug 
GAB SOTO ent, aise carte 211 —  OOTPea | A scpon eee al aeetecerens S 
GO7S. OOL< nc vers soleiieets 857 tee BOOK © lea chines | ata ee eens S 
WODAIOSS sal aieteiets sie ores .976 — .o18 4.173 J-U Uy 
WOU Se ARS ae creme sos .418 SE O08. Te atiiroatitellicaten seine ets NY 
WOOO 22003 sors etccin aloes .410 — .020 4.212 J-U Uy 
BE SOCOQn Rae eee .946 — 021 4.199 J-U Ug 
W207. 200 se aicecteeat .422 — .026 4.136 J-U Us 
PASO SOL ontamrierctestsid -423 — .032 4.283 K-U U4 
FAL Tie RO Nae elelete isis .184 — .026 4.205 K-U Us 
MEIC SOVATo neces .676 = 1002 iil atatteleeeta | ricer mena ere Ss 
AAR TNR we ne eieteis sinters 778 — .023 4.238 K-U U4 
PARLORS, vacate renin 678 — .026 4.283 K-U Us 
WAGELOPO. 7 wale omni .092 — .o16 4.202 K-U Us 
OLO7 270. aslecisia seas . 300 — .024 4.306 L-f U4 
RTE OCO, ect ino nent .047 — .O17 4.160 K-U TU, 
PERL. ThA teers Herpes ees .178 — .026 4.353 L-f Us 
EOD LOO: teat aca arene -931 — .025 4.205 K-U U4 
PROFS OOurva tre eee Sod 801 — GOR Wey Abie ates. cena aers RS) 
ROO OZ = S.ciereinemneenerne 050 — .025 4.294 L-f U4 
HOOT ALOO Ns stele cs wieinre . 230 — .034 4.238 K-U Us 
DOGASIOY ca wieidkeicl eee . 306 mS OOO). | Anseastse her elinmne cscs ets S 
PT TOSAOT Meus tices oe -397 — ,030 4.202 K-U Us 
TI ADOIOR ane «cae . 282 “bef OODup ||: aacettietrhe | heer eer sy 
PRY SOF ska) stetsls) otsraie oie - 594 — 027 4.454 M-f Us 
foi OCLC Bote Ge nee . 233 — .026 4.416 M-f Us 
HOST SUAQ sates te cotecice +172 — .023 4.204 L-U Uy 
(2 oI NE ROTEL AS . 882 — .025 4.308 M-f Uy 
WOOGO Satie rere .980 — .028 4.353 L-U Us 
SOAGHORGI ease erie .084 — .028 4.396 L-U U4 
esse UPN APR ee . 207 — .032 4.426 L-U Us 
ee ZOPI OS aa eer seen .413 — .020 4.302 L-U Us 
O327 COONS. tee ae .069 — .009 2.188 D-H W2 
ERE ROP Yee coos dame .956 — .020 4.368 M-U U4 
O20 his see aii ees . 787 — .004 2.167 D-H W2 
BAO cALOw ne eye yee -422 — .002 2,213 DHE Ts eee eenyevere 
BETASOST he Gie tee .088 — .007 2.188 D=Hi) Sols cares eer 
BOOS 042s een os ae -641 + .oor 2.167 DET Serene 
ahaa BOLT a aS alt . 238 —0.005 2.188 Da Bia Hive ee a ose 
* Solar \ poor. 


t Only one solar plate. 
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potentials are shown. It is clear that these arc wave-lengths exhibit 
a combined pole effect and pressure displacement, which increases 
with the excitation potential in a manner analogous to what has been 
found in the visible region, and that the lines in Table V which are 
not yet assigned to multiplets must be characterized by an excita- 
tion potential not much in excess of 2 volts. 

On the basis of experience in using such an arc as that described 
by Meggers and Kiess, from measurements of the pole effect 
made by St. John and Babcock,’ and from unpublished determina- 
tions of the pressure shift under conditions practically free from 
pole effect, an estimate may be made of the amounts which should 
be subtracted from the iron-arc wave-lengths of Meggers and Kiess 
to reduce them to what they would have been if a vacuum arc had 
been used. For iron lines arising from combinations of J, K, L, and M 
terms with a U term or an f term, the data indicate a deduction of 
about 0.04 A, while for the D-H multiplet about 0.02 A would 
suffice. The application of these changes to the arc wave-lengths 
would result in a consistent series of sun minus arc differences averag- 
ing +0.015 A. 

The gravitational displacement predicted by Einstein averages 
+o.017 A in the region discussed here, and it may reasonably be 
expected to appear when vacuum-arc measurements of high accu- 
racy become available. 

The sun minus arc differences in Table V, when grouped accord- 
ing to solar intensity and behavior in high-current arc, show that 
the more intense solar lines are slightly displaced toward longer 
wave-lengths as compared to weaker lines of the same multiplets. 
The data are too meager to justify any conclusion, but it is interest- 
ing to note that such effects are well established in the region of 
shorter wave-lengths, and have been discussed at length by St. 
John.? 

Table V also indicates that neither the arc wave-lengths of 
Meggers and Kiess nor the new solar wave-lengths now presented 
are affected by serious accidental errors. Were such errors present 
with random distribution, the chances are that at least one would 


t Loc. cit. 
2 Proceedings of the National Academy of Sciences, 12, 65, 1926. 
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appear in Table V, whereas none are found to exceed 0.006 A. It 
is also very unlikely that systematic errors independent of the 
source of light exceeding a few thousandths of an angstrom occur in 
either list of lines. Inasmuch as the range of wave-length is 1800 A, 
the existence of such errors would obscure the relation between exci- 
tation potential and difference between solar and arc wave-length 
shown in Table VI. 

So much has been said about the differences in structure and 
behavior of various types of lines when studied in artificial sources 


TABLE VI 


UNCORRECTED SUN—ARC DISPLACEMENT COMPARED 
WITH EXCITATION POTENTIAL 


Mean Mean Difference High- 
: S 


Multiplet No. Lines E.P un Current 
Volts minus Arc Are 
DHE re kas 6 2.185 —o.004 A Wa 
leks hee re I 4.136 .032 U4 
UU Sere 4 4.180 .O21 U4 
Kee aaa 9 4.237 .026 U4 
| Oe eer es 3 4.348 .025 Ug 
LeU xe onc 5 4.354 .026 Ug 
MeO rs cron at I 4.308 .029 Ug 
M-—fx crisis 3 4.413 .026 U4 
Pa ce arenes 7 . OO S 


that it may be well to recall some related facts in regard to the solar 
spectrum. For example, Fabry and Buisson," after describing the 
peculiarities of some iron-arc lines, go on to say: 

Dans le spectre solaire, ces différences d’aspect ne se manifestent aucune- 
ment. On n’apercgoit aucune dissymétrie dans l’absorption; les raies différent 
uniquement par leur intensité, ou, ce qui revient au méme, par leur largeur. 
Certaines raies qui, dans l’arc a la pression atmosphérique, sont nettement 
diffuses et se distinguent des autres au premier coup d’ceil, ne présentent rien 


de particulier dans le spectre solaire. On peut citer, comme exemple frappant de 
ce fait, les raies 5410.92, 5415.22, 5424.00. 


St. John and Ware also noted? that iron lines of groups d and e 
are as sharp in the solar spectrum as those of groups a and 6. 

It is interesting to note that the remarks of Fabry and Buisson 

t Astrophysical Journal, 31, 112, 1910. 


? Mt. Wilson Contr., No. 61; Astrophysical Journal, 36, 235, 1912. 
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apply accurately to the infra-red region of the solar spectrum, since 
our photographs show that here, as well as in the visible region, 
lines, which in the arc are extremely diffuse and unsymmetrical, are 
symmetrical and sharp in the solar spectrum. 

Plate I shows a small part of the spectrum in which solar lines 
predominate. This illustration is an enlargement of 1.5 times from a 
negative made with a 2.5-mm etalon having gold films. The original 
exposure was thirty-one minutes. A few lines are marked, among 
which may be found members of both the M—U and D-H multiplets. 
The photograph also illustrates the foregoing remarks on the appear- 
ance of the solar lines. 


My cordial thanks are due to Miss Moore for access to unpub- 
lished data which she and Professor Russell are preparing, and to 
Mrs. Thome, née Keener, for assistance in measuring some of the 
grating plates of the a-band of oxygen. 


Mount WItson OBSERVATORY 
December 1926 
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MEASUREMENT OF THE VELOCITY OF LIGHT 
BETWEEN MOUNT WILSON AND 
MOUNT SAN ANTONIO 


By A. A. MICHELSON 
Research Associate of the Carnegie Institution 


ASSISTED BY F. PEARSON 


ABSTRACT 


The following is a continuation of the experiments described in the Astrophysical 
Journal, 60, 256, 1924. The arrangement of apparatus differs slightly from that of the 
former investigation, allowing a more nearly normal incidence on the facets of the re- 
volving mirror, and providing greater symmetry as well as increase in illumination. 

Five independent series of measurements made with different revolving mirrors 
(one of steel having the form of a prism with eight facets, and another with twelve, 
and three of glass with eight, twelve, and sixteen facets) gave results showing a remark- 
able agreement. 

The final result for the velocity of light zm vacuo is 299,796 km per second. 


The increasing appreciation of the importance of this funda- 
mental constant of nature and the anticipation of the possibility of 
attaining a considerable increase in accuracy in its measurement 
justified the acceptance of the generous invitation of Dr. G. E. 
Hale, then director of the Mount Wilson Observatory, to make use 
of the facilities there available. It is with sincere appreciation that 
I take this opportunity of extending my acknowledgment of the 
many courtesies received and of the cordial co-operation of Dr. Hale 
and subsequently of Dr. Adams and the entire staff of the Ob- 
servatory. 

The result of the preliminary experiments described in a previ- 
ous article’ gave for the final value of the velocity of light in air 
299,735 km per second. 


t Astrophysical Journal, 60, 256, 1924. 
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The correction’ to vacuum is given by 


d_ pT 
n—1=(%—1) Fig Me 1) bo T 
Ps .822 
and 
ee 
jae 5) 
whence 
N—1I= .000294X .765 
or 


N= 1.000225 , 


giving 67 km for the correction.’ 
Accordingly, for the preliminary determination 


V = 299,735+67 


or 
V = 299,802 . 


A second series of observations with the glass octagon was begun 
in July of 1925, the arrangement of apparatus being essentially the 
same as in the preliminary work, except that instead of driving the 
electric fork (NW =132) by make and break between platinum points, 
the fork (V=528) was driven by a vacuum-tube circuit, giving a 
rate far more nearly constant. 

This rate was measured by comparison with a free pendulum 
furnished by the United States Coast and Geodetic Survey, as in 
the previous work; but with an important improvement in the 
stroboscopic method. This consists in allowing the light from a very 
narrow slit to fall on a mirror attached to the pendulum, forming, 
by means of a good achromatic lens, an image of the slit in the plane 
of an edge of the fork, where it is observed by an eyepiece. 

* The correction should be applied to the individual observations; but the result 
is not appreciably altered by taking the mean values given above. 

2 This was erroneously given as 85 km in the article cited. 
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This method of making the stroboscopic comparison was found 
to be far more convenient and accurate than that described in the 
work of last year. 

As before, the octagonal mirror making 528 turns per second 
rotates through one-eighth of a turn during the time of passage of 
light from the revolving mirror to the distant station and return, 
thus presenting the succeeding face of the mirror to the returning 
beam at (very nearly) the same angle as at rest. 

The observations consist, then, in increasing the speed of the 
revolving mirror until the stroboscopic image between fork and 
mirror is stationary, at which instant the measurement is taken 
of the small angle a, by which the displacement of the image differs 
from go’. The direction of rotation is then reversed, and a similar 
series of observations furnishes the angle a,. If a=a,+a,, then the 
angle through which the mirror rotates during the time required 
for light to travel through the distance 2D will be 7/4—a/4, and 
the velocity is given by V=(16ND)/(1—a/z). 

If 1/n is the period of the (optical) beats between the fork and 
the pendulum and 1/y that of the coincidences between the C.G.S. 
pendulum and the true seconds, and if NV is the nearest whole num- 
ber (in the present instance 528), then, as both a and » are small, 


y="? W+m)(r+2), 
tv 1 


or, since a and » are small, 


_ 10X35425 -15X528 
I— .0005I1 


a,” 
V (+245) D=35425.1 


V= 299,425 (+245) 


Table I gives the results of ten series of observations with the 
glass octagon. 

These results, as well as those previously published," are to be 
regarded as preliminary. The definitive measurements were begun 
in June, 1926, and continued until the middle of September. 


t Astrophysical Journal, 60, 256, 1924. 
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The arrangement of apparatus at the home station was slightly 
different, as shown in Figure 1, the advantage being an increase in 
intensity in consequence of greater effective width of the light beam 
falling on the revolving mirror at nearly normal incidence, as well 
as greater symmetry. 

With this layout a series of observations with the same small 
glass octagon gave the results recorded in Table IJ. The numbers 


TABLE IT 
a b ¢ V Wt 
|. Aan, ae ote ©.00059 | 0.00028 | 0.00072 299,747 2 
LU Re oi ee ee .00046 . 00040 .00073 200,747 2 
Terre reves os Agi eartie 38 . 00045 .00038 . 00073 209,738 3 
1 ANAS Oe Aa ea ree .00057 . 00036 .00072 299,762 3 
WK ac ee eee .00047 . 00033 .00073 299,729 3 
AA a eer, ee . 00052 .00038 .00073 209,759 3 
IVA iteievns tecnico soa oe aro . 00061 . 00041 .00073 209,792 I 
‘AW Ue eee Sie Cane 5 ete .00048 .00038 . 00072 299,744 4 
| Deca is Geyer ae ae . 00049 .00036 .00072 209,741 4 
Sat Rivas fake .voiue hs . 00047 . 00040 . 00072 200,747 4 
2, hace Bites sae eee .00044 . 00042 . 00072 200,744 4 
DAS] BS ea ee nay Bea 0.00042 0.00042 ©.00073 299,741 4 
Wiech tecemea true nur) ain cmaratm [ac este rca caiersre lave tater SOO STAOL!'| sepaeneee 
One chlOne rate tious liters liao [nan ea ote lie. aieeore Caos aOv A ety BOE ee 
WelOCiiy mead CWO nn ily a nein ance cil ne eta eke stew Stars bite crere 299,813 | Be icin cig 


given are the means of three series of observations, each series 
containing six (double) observations. 

On account of the small values of a=a/z, b=n/N, and c=», the 
formula for the velocity may be written 


V=16DN(1+a+d+c) . 
With D=35,425 and N = 528, this gives 
V=299270+V(a+b+¢) . 


The results with the glass octagon are shown in Table II. 
Giving these three results the weights 1, 2, and 5, respectively, 
the weighted mean of all the observations with the glass octagon is 
V = 299,797. 
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DEFINITIVE MEASUREMENTS 


Toward the close of the work of the summer of 1925 an attempt 
was made to attain a speed of rotation of 528 turns per second with 
a glass octagon nearly twice as large as that used in the experiments 
just described. Owing probably to some defect in the glass, it 
burst at a speed of 400, thus terminating the work. In order to pro- 
vide against a repetition of such an accident four mirrors were con- 
structed. Two of these were of glass, of about the same construction, 
but twice as large as the small octagon, a photograph of which is 
given in Figure 2. The first of these had twelve facets and the 
second sixteen, the diameters being 64 and 73 cm, respectively, and 
the speed of rotations 350 and 264. The flat end of the steel axle on 
which the glass mirrors are mounted rests on a steel flat with a small 
aperture for oil, under pressure a trifle less than that which would 
lift it from its bearing. The driving power is furnished by an air 
blast issuing through two nozzles and impinging on the vanes of a 
paddle wheel. 

Regulation of the speed was obtained by a counterblast con- 
trolled by a valve by means of which the speed could be kept con- 
stant for several seconds (as indicated by the immobility of the 
stroboscopic image), quite sufficient for the measurement of the 
corresponding small displacement of the image. 

The other two mirrors were of nickel steel and furnished by Mr. 
Elmer A. Sperry. A photograph of the first, an octagon, is shown in 
Figure 3. 

The driving power is furnished by an air blast from four nozzles 
impinging on the buckets attached to the axle.t The flat end of the 
latter rests on a single ball-bearing. 

All four mirrors gave excellent results notwithstanding the fact 
that time was insufficient for the attainment of very great accuracy 
in the surfaces. This was particularly noticeable in the steel mirrors, 
the lack of homogeneity making the process of polishing and figuring 
much more difficult than in the case of the glass mirrors.” 

* The mirrors actually employed were provided with duplicate bucket wheels and 
nozzles, allowing of reversal of the direction of rotation. 

? All are now in process of refiguring in preparation for a resumption of operations 


during the winter, when atmospheric conditions are likely to be more favorable. 
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Fic. 2b.—The small octagon in its mounting 
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With a twelve-facet glass mirror and the layout of apparatus and 
method of procedure essentially the same as in last year’s work, 
the following results were obtained: 


pace (N-+7) (:+5%) 
I—p oT 
or if 
Se 
oT . N b 
and 


—y=¢  D=35424.5 
r=53 cm 


V=299,265+3(a+0d+c) . 
The results obtained are shown in Table III. 


TABLE III 


TWELVE-FACET GLAss Mrrror 


a b c VS V Wt.t 
Merete seis Saks re tanest —0.00018 | 0.00I00 | 0.00075 471 299,736 I 
UR reaetoneve race « cratsitts . 00047 .00040 | .00073 | 480 | 299,745 eB 
1 dl ses a ce eee .00058 .00026 .00073 | 471 299,733 3 
TO Vithoristars jatersiseiste 3 sit .00022 . OOOO .00072 | 465 | 299,730 2 
Who llitien bce eae eee . 00012 .00062 .00071 | 435 | 299,700 I 
VASE icheets ete ctlartrocss — .00007 .00088 .00073 | 462 | 209,727 5 
WAL rome crete. ase .00020 .00098 .00073 | 453 299,718 5 
\YALI We ancl eC Re Ree . 00004 . 00085 .00073 | 462 299,727 s 
ENGR Sales eas 46"8 . 00009 .OOIOO .00073 | 492 299,757 it 
2 ao Chraciea ene een Paes — .00021 .OOTI4 .00074 | 50OI 299 , 706 2 
Oe ore erga ee eee RPS . 00050 . 00037 .00074 | 483 299,748 2 
XC een ee en Rh lcs oe .0007I . 00009 .00073 | 459 | 209,724 5 
> SIH, ea caer ee ea een . 00052 . 00034 .00073 | 477 299,742 5 
Sat heer eata Lek are . 00003 .00073 -00075 | 453 299,718 5 
DROVE Pre arseciae jot ©.00004 | 0.00071 | 0.00075 | 450 | 200,715 Ee ito 
NVEI@MeC aT eU Teste || Fok Aerie nee | rev cteeers es a lita a ay tpowes oes | earn goers ZOO N720. |e woe 
(Chonreehnte vis |. 26 ead a= ol Hee i st Waar ye i Pa oar (rae ea Oy aerate 
MWielOCIRORIURGHOM MGS ert «|e ie tame cleza ace ene aes ah ork 200; 700nleee eer 


A series of measurements with the sixteen-facet glass mirror, the 
formula for which is 


_32DN D=35424.5 


~t+2a/n? y=s5cm 
gave the results shown in Table IV. 


43 


A. A. MICHELSON 


IO 
TABLE IV 
a b VS V Wt. 
le aes Ane ae 0.00159 —o.00089 | 0.00076 | 438 | 299,703 
RE een oe oan .OOIIS — .00033 00076 | 474 | 299,7390/|' °° °° 
Tate oor: (2X1) 35 Re eee eee 200,727 | I 
it eee ne. . 00051 00045 o007I | 501 | 299,706 2 
505 bees Jn oe Car Ree eI .00038 0005 2 ooo7t | 483 | 299,748 2 
fil Viger evarcerse ee ar .00006 00073 00071 | 450 | 2900,715| 
Wie ees ansog aaaar . 00079 — .00006 00073 | 438 | 209,703/}° °°” 
1 eae oan es CRANES S NOVA Mie boosbacibeoocaoactoces 209,707 | 5 
Wieck alanis teed . 00090 — .00009 00073 | 462 | 209,727 5 
iN eee See ORC .OOIIL — .00029 00072 | 462 | 290,727 
VE nicer eens .00074 00013 OOO7 2) 477 se20Os 742) aun 
Viena Serene Cai ADOC eae. soctbodioussconcltwest 209,737 | 4 
VETTE cre, eae ae ae .00085 Ooorl 00072 | 504 | 299,769 | 3 
VLU LS ei wracorictoetos . 00097 — 700013 00069 | 459 | 200,724 2 
1 Ce tear, OO104 00008 00070 | 498 | 209,763 2 
ON, Me nee alee eae ooo8 1 00002 o007I | 450 | 299,715 4 
EXSTING spen secretaries oOoogt 00007 o007t | 465 | 299,730 | 4 
SMe raie rere op trercienei eae OOII2 00027 c0069 | 462 | 299,727 2 
XSULTS fiers) v bi chederas ae OOII7 00027 00069 | 477 | 299,742 | 2 
LV eerie ke td ee 00098 00009 00070 | 477 | 200,742 | 3 
EME Bente ethene 0.00104 —0.00009 | 0.00070 | 495 | 299,700 | 3 
Weighted san aaliemttersncieavete opal ercere te oeecerel| eeeeteae emeiel| (rere? 20097301 eres 
SOTO CETON sek cic Woe crs Pee eee ia os (rea cae | eee ee | ee +67 |...0 
Welocity.dsDaceialen seseeetani tie orc tll avec erorcronenen loser vn rete eres Xoo? Ween c 


A second series with the sixteen-facet glass mirror gave the re- 


sults summarized 


Correctionas -ee 


in Table V. 


TABLE V 
a b Cc VS V Wt 
0.00067 0.00029 | 0.00071 501L 299,766 I 
OOOIg .00060 .00073 456 209,721 5 
00020 . 00061 .00073 462 209,727 5 
00053 .00029 .00074 468 299,733 I 
00039 +00034 -00075 444 299 , 799 5 
00049 .00029 .00075 459 200,724 5 
00066 . 00009 .00073 444 299,709 2 
00064 .OOOIO . 00073 441 299,700 2 
00078 .00006 .00074 474 299,739 3 
oo102 | — .ooo1s 00072 477 299,742 3 
00053 .00025 00073 453 299,718 3 
00059 .00018 0007 2 447 299,712 I 
0.00071 ©.00023 | 0.00072 498 299,703 I 
Weighted mean .c1). x. sepals ete ee Hee cae 200722 ula eee 
A ee fee rt (eta tree al Rees Phe tel ei as SO Aad a ee 
ral (Alchedenenestohecal yaa noes ears ea ee | EN RSt 3 re eee eee 2003750 i ease als 


VELOCITY OF LIGHT II 


A series of measurements with the twelve-facet steel mirror gave 
the results shown in Table VI. 


TABLE VI 
a b ¢ VS V Wt 
: Seg arotbe teenie ees 0.00063 0.00016 | 0.00072 | 453 | 299,718| 
1 Rchin e een Note . 00030 .00046 .00072 | 444 | 299,709/|"*"*” 
i is Ao Prom eee ae teaes (C&4 re SE ce | Pores = tall ees al tee 299,712 | 2 
ATR oe ae casters aes .00040 .00043 .00072 | 465 | 299,730 | 4 
| AE ee etree erie . 00051 .00032 .00072 | 465 | 299,730 | 4 
1A repo nel icra carrera oe .00052 .00030 | .00072 | 462 | 209,727 | 5 
IVE a robs otic Motor .00052 .00031 .00072 | 465 | 299,730 | 5 
Vili ceiateacenicatas-ctet .00055 .0003I .00072 | 474 | 299,739 | 5 
WLR se yarn . COOOL .00078 .00072 | 453 | 299.718 2 
VALU eee ticles a cobe: .00054 . 00027 .00073 | 462 | 299,727 2 
NRC BAe raves sitse aw .00056 .000315| .000736] 483 | 209,748 | 3 
ENCE eat, Wists ct esos .0005 2 .00027 .00074 | 459 | 200,724 | 3 
DSM en eroissettcess ie ©.00054 ©.00023 | 0.00074 | 453 | 200,718 | 3 
WWeleiitedsraeaniert mmeent se tinerent cn ote sates |e tie sncstel ae ates 2005720. |venere 
(EC GtECUION emer leis eee inie'| cite ene nelle em ne conte 67 | acter 
NVGLOCUE C77 UDCUL OMe | PN Me cnt trtate cae | mevite ey cpnciiyl eiat ersten Miete'| lepers 200) 700 ule nies 


Table VII gives the results obtained with the steel octagon. 


TABLE VII 
a b c VS V Wt. 
Lk, Se Sate eeereae 0.00027 ©.00057 | 0.00071 | 465 | 299,730 3 
11 Fd ecu ea een . 00032 . 00049 .0007I | 456 | 299,721 3 
1 bes eae ee ae la .00059 .00028 .00069 | 468 | 299,733 3 
Mi Viewere ticks cceeth eek wi .00057 .00025 .00069 | 453 | 299,718 5 
[Vs coe Re are .00008 .0007 2 .00072 | 456 295113} 
‘Wis [ee .00054 . 00030 .00072 | 468 | 299,733;7|..... 
Ven eth ORES .00076 . 00005 .00072 | 459 | 209,724 
DE Arcisitury eK tive Mca n Ol ys men Milner. ce o's. Gah gro eee 299,723 3 
| NARs een ee .00065 .00027 | .00072 | 492 | 299,757\| 3 
UWalietemrectses «6.5.0 . 00081 . 00005 .00072 | 474 | 209,730f]..... 
\ k= page eee By Mee) f Biss oes dee a eae na tee Se 299,744 | 3 
WAT ra ape Te chess .00035 . 00049 .00072 | 468 | 299,733 3 
Wal ates M cre sine, cncmiocs 00059 00024 00072 | 465 | 299,730 i 
NSerrer ito sci cs coe 00055 00026 00072 | 459 | 209,724 5 
EN Sery cee ee eit aice .00056 .00025 .00072 | 459 | 209,724 5 
BNO eeer ne ee one rane a ishats 0.00058 ©.00025 | 0.00072 | 465 | 299,730 5 
NYG icrts eciean ama ee | eerie a acts Petters) | Rcvacereenieuecs tials ciate km) Seen 200 72S" ern ce 
eyes ot Gel cal DE Rai eee eel [ee eet tal (Bee ed (i - =O) anes 
IV GIOCEY SIERO Ae | ore sic verca, th aepepaia cunt tate AN sl| t orovailecreret|naieseus 200, 705i oeees 


T2 A. A. MICHELSON 


These results are collected in Table VIII. 


TABLE VIII 

Mirror Year N n V Wt. 
GLASS 2G sie ts cert eens 1925 528 I50 299 , 802 I 
CASS aS <5 Mra net ones cts 1925 528 200 209,750 I 
Glasse 3 eee aterre mains 1926 528 216 299,813 2B 
Steel goats naa eaee 1926 528 195 299,795 5 
Glaspie eos steer etait eae 1926 352 270 299,796 3 
Slee 125 ose eee es 1926 352 218 299,796 5 
Glass OR ation oper 1926 2604 270 299, 803 5 
Glass eOhracueeat cost tee 1926 264 234 299,789 G 

Weighted mean aya. | eases ctere| ucla man cic nll cemeeeranetse 2001700224 |p 


When grouped in series of observations with the five mirrors 
the results show a much more striking agreement, as follows: 


(GIASS Seen een a eer aeeyse ee 209,797 
StEGlO se SEE © cia Malad ne oe ro eee 209,795 
Glaser orn en cater ins ween rtere 209,706 
Stceliro nt etre ct ee eee 299,790 
GIBSS 16 actrees mice eon oree pen 209,796 


The ready success of the measurements at the distance of twenty- 
two miles, the majority of which were made under conditions not 
the most favorable (haze and smoke from forest fires; imperfections 
of surfaces of the revolving mirrors), would seem to indicate the 
feasibility of a measurement at a considerably greater distance. A 
convenient location for the distant mirror (diameter, 40 in.) was 
found at Mount San Jacinto, eighty-two miles distant. In a pre- 
liminary trial, light was returned, but so enfeebled by smoke that 
measurements were quite impracticable. 

It is hoped that during the winter season the rains will clear the 
atmosphere sufficiently for accurate measurement, and accordingly 
work will begin again toward the end of December, 1926. 


I take this opportunity to express my appreciation of the 
generous gift of $10,000 by Mr. Martin A. Ryerson which made this 


investigation possible. 
APPENDIX I 


Measurement of the length 2D of the light-path. 
The light-path as shown in Figure 1 is from the surface a of the 
revolving mirror to bc DEf ED cb, ay. 
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The measurements of the separate elements are as follows: 


Distance between bench marks B B,, as furnished 
by U.S. Coast and Geodetic Survey, 35,385.5m 


Meters 
BD= Tres 7 
De = 8.00 
be =bsc= 0.40 
ab = 0.34 
Bif = O.11 
fE = 9.30 


The D of the formula will be 
D=ab+be+cD+DB,4+ B,f+ 2fE=35,424.5m. 
APPENDIX II (JULY 1) 


Comparison between C.G.S. pendulum! and standard observa- 
tory clock: 


Period‘of Coincidences Temperature 
23 A Ooi Piece Cerne San eeenek 24°0 
Die UM Oph Tee OR RS eli pie Sede 24.1 
TIE OY, Re ee pe Re tie ent EE mT CAE 
BOR AOR ERI SRR oe toe ace ee 24.2 
DAZOOE ae ae Lae Ts Tate a ees 24.4 
1423 


N =number of (double) swings per second= 1.00070 at 24°2. 
Another comparison gave 1.00074 at 17°. 
Whence the temperature correction is — .o000055 per degree. 
The clock gains one second per day by comparison with time 
signals’ from Washington; giving 
T=1.00075 at 17°. 


Another comparison taken August 13 gave the following results: 


Period of Coincidences Temperature 
AM Bl 2 5 2S Oo tone © nara eee ees 19°0 
DSR (tng dis es OCR ITO 19.2 
DEE TOV Eee ee a eae OC ee or ae 19.4 
OTR SY, © RG Sea eee TC ea en oe £On7 
DEY 178) Wo RRO OEIC CIs aE 20.1 
2 OU OMAR en ern hong lene eee ep ed 
OREO ON Tea rare en ree ra rence crs 20.5 


from which WV =1.00072 at 19.9°. 


x. The pendulum case was evacuated to a residual pressure of about 1 cm, for which 
the pressure’correction is inappreciable. The amplitude correction was also negligible. 
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The rate of the standard clock was +085 per day, giving 


N.=1.000726 at 19.9" 
and 
N=1.00074 at 17°. 


APPENDIX III. MEASUREMENT OF LENGTH OF LINE USED 
IN DETERMINATION OF VELOCITY OF LIGHT 


By WILLIAM BOWIE? 


Asa result of several conferences between Professor A. A. Michel- 
son and the writer on the question of the determination, with high 
accuracy, of the distance between a point on Mount Wilson and one 
on San Antonio Peak, California, to be used as a base line in the de- 
termination of the velocity of light, Professor Michelson made a re- 
quest on May 1, 1920, upon the director of the United States Coast 
and Geodetic Survey, Colonel E. Lester Jones, that the work be 
done. The director, realizing that the determination of the velocity 
of light with great accuracy might lead to the determination of dis- 
tance in terms of the velocity of light and thus might furnish a means 
of measuring base lines in mountainous regions or on archipelagoes, 
agreed to measure the distance between the two peaks in question. 

Professor Michelson requested that the distance be measured 
with an accuracy of 1 part in 200,000 but with greater accuracy if 
possible. In a letter to the director, dated March 23, 1922, Professor 
Michelson made the statement: 

In my conversations and correspondence with Major William Bowie, I was 
given to understand that the measurement [of the distance between Mt. Wilson 
and San Antonio Peak] could be made to an order of accuracy of one in a million 


which would be highly desirable, if possible, but an order of accuracy of one in 
100,000 or 200,000 would be sufficient. 


In a letter dated March 14, 1922, Professor George E. Hale, di- 
rector of the Mount Wilson Observatory, requested the director of 
the United States Coast and Geodetic Survey to determine by tri- 
angulation the distance between Mount Wilson and San Antonio 
Peak for Professor Michelson’s use in his redetermination of the ve- 

* Chief, Division of Geodesy, U.S. Coast and Geodetic Survey, Washington, D.C. 
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locity of light. The director of the Coast and Geodetic Survey re- 
plied to Dr. Hale, expressing his deep interest in the work on the 
velocity of light, and made the statement that the field measure- 
ments would be undertaken later in the year. 

It was realized that to obtain an accuracy in the determination 
of the length of a line of triangulation as great as I in 200,000 or 
more would necessitate some modifications and refinements in the 
methods that are usually employed in what is known as first-order 
triangulation. It is rather difficult to estimate just what is the accu- 
racy of a line of triangulation carried from a base through a series 
of triangles or quadrilaterals, but it has generally been supposed 
that the order of accuracy is about 1 part in 100,000. 

Ordinarily, the quadrilaterals used in a chain of triangulation 
approach the square in shape, that being the most satisfactory shape, 
if both accuracy and rapid progress are desired. For the Michelson 
length it was believed best not to depend on a triangulation extended 
from the Los Angeles base, which had been measured in 1888-1889. 
There was the possibility that this base had changed its length dur- 
ing the interval since its measurement, and, besides, it was believed 
that even though the angles of the triangles extending from the Los 
Angeles base to the Michelson line were remeasured with the great- 
est care, the lengths carried through the triangles would not have an 
accuracy of 1 part in 200,000. After careful consideration of the . 
problem, it was decided to measure a base line in the San Gabriel 
Valley, parallel to the line between Mount Wilson and San Antonio 
Peak, and to have the base line as close to the foothills as possible 
in order that the angles involved in transferring the length of the 
base to the line between the peaks might be of such size as to give 
the strongest possible connection. 

An inspection of the topographic maps of the United States Geo- 
logical Survey indicated that it was feasible to measure a base of the 
desired length in this locality. The methods to be employed in the 
field work were carefully planned at the office of the United States 
Coast and Geodetic Survey by the members of the Division of 
Geodesy. The field work was placed in charge of Clem L. Garner, 
one of the field engineers of the United States Coast and Geodetic 
Survey who had had a number of years of experience on first-order 
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triangulation and in the measurement of first-order base lines. In 
his party were a number of engineers of the Survey who had also 
had experience in the most accurate geodetic work. They were J. S. 
Bilby, F. W. Hough, and E. O. Heaton. 

The computation of the precise levels on the base line was in 
charge of H. G. Avers. The computations of the measured lengths 
were made under the direction of W. D. Sutcliffe. Unusual care was 
employed to take into account all refinements in computation that 
could affect the final results. The computation and adjustment of 
the triangulation to carry the length from the bases to the required 
line extending from the station Michelson on Mount Wilson to the 
station Antonio on San Antonio Peak were made under the direction 
of O. S. Adams. Extra computations were made for the deflection of 
the vertical, and extreme care was employed at all stages of the work. 
Other mathematicians engaged upon the work, either directly or in 
consultation, were W. D. Lambert, C. H. Swick, C. A. Mourhess, 
Sarah Beall, and W. F. Reynolds. 

By a field reconnaissance the ends of the base were located where 
they could be made intervisible by the erection of observing towers 
of moderate height and where the two peaks at the ends of the 
Michelson line were visible from each end of the base. It was found, 
however, that a straight base from end to end could not be measured, 
owing to the character of the terrain and to the presence of orange 
groves and other obstructions. Correspondence between the office 
and the field resulted in the adoption of a plan to measure a broken 
base, with the various sections located where the measurements 
could be most easily made. 

The methods adopted for the field measurements and the office 
computations were such as to assure the attainment of an accuracy, 
for the straight-line distance between Mount Wilson and San Anto- 
nio Peak, corresponding to a probable error of about 1 part in 2,000,- 
ooo, derived from field measurements and observations alone, and 
to an actual error surely less than 1 part in 300,000. It is the feeling 
of those who have been engaged in the work that the actual error is 
somewhere between 1 part in 500,000 and 1 part in 1,000,000. 

It was decided to make the distance between the peaks depend 
on more than one base. This was accomplished by dividing the total 
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base into three parts. The length of each part was obtained during 
the measurement of the whole base line, as the subsidiary stations 
were placed along the base itself. 

The base was measured in forty-six sections, owing to the char- 
acter of the terrain, to the presence of obstructions, and to the fact 
that the base cut the property lines at an angle. Each section of the 
base was measured at least four times, with 5o-m invar tapes which 
were standardized with extreme accuracy at the Bureau of Stand- 
ards, Washington, D.C., just before and just after the measurements 
in the field. The maximum number of measurements of any one 
section was six. Eight tapes were used in the measurement of the 
base, and on each section the different measures were made with 
different tapes. 

Along a portion of the line, wooden stakes were set into the 
ground to support the tapes during the measurements. The length 
of the tape was transferred by a marker to metal strips nailed to 
the tops of the stakes at the tape ends. Where the measurement 
was over a paved highway, special portable tripods made of iron 
were used. These were set over points which had previously been 
selected and marked with small iron bolts cemented in drill holes in 
the pavement. Five supports were used for all the measurements 
over stakes, and three supports for the measurements over portable 
tripods and towers. If possible, the intermediate supports were 
placed in line between the tops of the end supports. 

When stakes were used, accurate levels were run over them to 
determine the difference in elevation of consecutive tape ends. The 
leveling was done in both directions in order to have a check. Neces- 
sarily, where stakes were used, the same grade corrections would be 
applied to each tape length as measured by each of the four or more 
tapes. On the other hand, when the movable tripods were used, the 
distance of the tripod head above the mark on the road was obtained 
during the measurement with each tape. Later, when levels were 
run over these parts of the base to give the differences in elevation 
of the marked points, these differences were combined with the 
heights of the tripods to give the data from which to compute the 
corrections for grade for each tape. Necessarily, the grade correc- 
tions were slightly different for the different measurements, owing 
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to the fact that the tripods could not be set exactly at the same 
heights for the different measurements. 

At places where the line had to be lifted above orange groves, the 
tapes were supported on towers. Towers were also used to avoid 
steep grades where measurements were made across rather sharp 
depressions in the ground. One of the large uncertainties in base 
measurements, where the ground is very steep, is in the determina- 
tion of the grade corrections. In order to avoid this uncertainty, the 
slope for any tape length was seldom allowed to be greater than 10 
per cent. 

In computing the base, the lengths of the forty-six sections were 
projected on to straight lines joining the ends of the three main 
divisions of the base mentioned above. In general, the difference in 
direction of a section and the line on which it was projected was only 
a few degrees, and in only one case did it exceed the limit of 14° 
specified in the instructions, the deflection angle in this instance 
being 18°. 

The uncertainty in the measured length of a base is due to the 
following causes: errors in the standardization of the tapes, use of 
erroneous tension on the tapes during the measurements, effect of 
wind on the tapes, constant and systematic errors in transferring 
the ends of the tape to the metal strips on the end supports of the 
tape, errors in leveling from which the grade corrections are com- 
puted, uncertainty in the coefficient of expansion of the tape, and 
errors in the reduction to sea-level from uncertainty in the average 
elevation of the base line. 

The differences in the lengths of the tapes, as derived from the 
two standardizations at the Bureau of Standards, one before the 
measurements in the field and the other shortly afterward, are given 
in Table I. 

The effect of the wind on the tape may be considered as having 
been negligible, for the measurements were made only when there 
was a very light wind or during spells of calm weather. The use of 
five-point supports whenever possible also lessened the effect of the 
wind on the tape. 

The errors in transferring the ends of the tape to the metal strips 
were undoubtedly small, for the observers doing the marking 
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changed positions between the forward and backward measure- 
ments, thus eliminating the systematic effect of any tendency to 
mark ahead or behind the graduation on the tape. The accidental 
errors in the marking were very small, owing to the care with which 
the line on the tape was transferred to the metal strip. The marking 
was done only when the tape had come to rest after the tension had 
been applied. 

Seven different spring balances were used to apply the tension to 
the tapes. Each balance was tested twice on every day it was used 
with a standard 15-kg weight. The balance was placed in a horizon- 
tal position during the test, and a small wire led from the tongue of 


TABLE I 
Tape Nos. seta been 
(CR lop as lA SBR tied ce ac ee ee MR ep eR arc oP Omi 7 
QUO ME ate es teers Men Eee ea) Sen eo lontemaea oe as .18 
BYE re sccyen eS a OSE re Wn Cea OTA OL EI Ieee Ore O4 
GENS cits Sh TEES Ce en AO Ne Tn ey 03 
(i a8 Sats Caos SO Ao CRIS on pA 19 
GIES Sain oh poet ARs SO Ie aE ee neat One 
C0) orto echt SG SER CROP oa IN een ee ete 20 
JOS epee cere Naor Oke oaele iw > POR etnele, aA eas nares +0.04 


* Owing to a misunderstanding when this tape was sent to the Bureau of Standards, its length was 
not redetermined. The second standardization gave a shorter length for each of the tapes used. 


the balance to the weight over a pulley which was practically fric- 
tionless. The balances were also tested at the Bureau of Standards 
after the field work was completed, and the effect of changes in tem- 
perature on the springs of the balances was determined. No attempt 
was made to set the indexes of the balances to make the dials give 
correct readings, but in the office computations corrections were 
applied to the measured lengths to account for the errors of the 
balances as disclosed by the daily tests and for the effects on the 
springs of any temperature variations. 

Extreme care was used in determining the elevation of the tape 
supports. Levels were run in both directions over the base and, 
wherever the two runnings failed to agree within a certain amount, 
a third running was made as a check. The elevations of the ends of 
the different sections of the base were determined by first-order 
leveling, and the elevations, as carried through the differences of 


53 <i 


20 APPENDIX III, WILLIAM BOWIE 


elevation of the tape ends, were checked with the elevations deter- 
mined by the first-order levels. It may be assumed, therefore, that 
the corrections for grade had exceedingly small errors. 

The temperature range during the measurements of the base 
was from s° to 25° C. The tapes were standardized at 26° and 28° C. 
The coefficient of expansion of each tape had been determined at 
the Bureau of Standards with such accuracy that it is believed that 
any error in the length of the base, due to erroneous temperature 
corrections, is exceedingly small. 

The elevation of the base above sea-level was determined by 
checked first-order leveling from a nearby bench mark of known ele- 
vation, so it is reasonably certain that no error was involved in the 
sea-level correction. 

The agreement of the several measurements of each section indi- 
cates that the accidental and systematic errors were largely elimi- 
nated by the methods employed. As was mentioned earlier, each 
section was measured at least four times, each time with a different 
tape. The average residual of a single measure from the mean of all 
measurements on a section was 1.1 mm. Only three measures were 
rejected, and in only thirty-two measures of the remaining total of 
two hundred eight was the residual more than 2 mm. The average 
size of the probable error of the sections was 0.5 mm, with no prob- 
able errors greater than t mm. The maximum probable error of a 
section was 0.9 mm. 

The probable error of the length of the base from field measure- 
ments and observations alone was 3.45 mm, or 1 part in 11,600,000. 
The Bureau of Standards certified that the lengths of the tapes were 
correct within 1 part in 300,000 and that the probable error did not 
exceed 1 part in 2,000,000. 

During the measurement of the base, observations were made 
for horizontal directions at four points along the base line, including 
the two ends, and at San Antonio Peak and Mount Wilson. These 
observations were made with high-grade direction theodolites. The 
observations were repeated a number of times in order to eliminate, 
as far as practicable, the effect of the accidental errors, and they were 
made on each of several nights in order that any systematic errors 
resulting from atmospheric conditions might be largely eliminated. 


54 


DISTANCE FOR VELOCITY OF LIGHT 21 


The deflection of the vertical was determined at each of the sta- 
tions in order that corrections could be applied to the observed di- 
rections to eliminate the effect of any tilting of the geoidal surface 
with respect to the spheroidal surface. The mountain masses to the 
north of the base line evidently deflect the plumb line to a marked 
degree. The determination of the astronomic latitudes was made at 
each of the angle stations except at station Joaquin, which is within 
a mile of Pasadena west base, and at station Michelson, where it had 
already been determined. It was assumed that the deflection in the 
meridian at Joaquin would be approximately the same as at Pasa- 
dena west base. 

The effect of the deflection of the vertical is to tilt the horizontal 
plate of the theodolite with respect to the spheroid and, therefore, 
to cause the measured angles to vary somewhat from the true spheri- 
cal angles. ‘The astronomic longitude had been determined at Mount 
Wilson some years before. A comparison of it with the geodetic lon- 
gitude furnished a deflection of the vertical in the prime vertical at 
that point, thus making it possible to correct the astronomic azimuth 
at Mount Wilson for the deflection of the vertical. In the adjust- 
ment of the triangulation the true azimuth obtained at Mount Wilson 
was held fixed. This made it possible to determine the approximate 
deflection of the vertical in the prime vertical at each of the other 
stations by a comparison of the astronomic azimuth and the geo- 
detic azimuth at each of them. 

The results of the computations showed clearly that it was a 
wise move to determine the deflections at each of the stations, for 
the maximum correction to a direction was nearly 175. A number 
of directions were only slightly affected, but on the whole the appli- 
cation of corrections for the deflections resulted in appreciably 
greater accuracy in the determination of the length of the Michelson 
line. 

Owing to the fact that the lines from the base stations to the 
mountain peaks have inclinations as great as 8° to the horizontal 
plane, it was necessary to read the stride level of the theodolite 
whenever pointings were made over the steep lines, in order that 
corrections might be applied for any tilting of the horizontal axis of 
the telescope during the observations. This is a refinement in angle 
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measurements that has never been applied in the regular triangula- 
tion of the country. In fact, the inclination of a line of triangulation 
is seldom greater than 1° or 2°, and the error from this source is ordi- 
narily negligible. 

The heights of the stations on Mount Wilson and on San Antonio 
Peak were determined from the base stations by trigonometric level- 
ing. These elevations were required for the purpose of determining 
the air-line distance between the stations on the two peaks. 

The average closing error of the triangles involved in the tri- 
angulation was 0755. There were only two triangles with closing 
errors greater than 1’, while the maximum closing error was 1757. 

The average correction to a direction, resulting from the least- 
squares adjustment, was 0724; and the maximum correction was 
0783. 

The distance, reduced to sea-level, between the triangulation 
stations Michelson on Mount Wilson and Antonio on San Antonio 
Peak, resulting from the adjustment, is 35373.21 m. The air-line 
distance between these two stations is 35385.53 m. No correction 
was applied to the distance to allow for normal curvature of the line 
of light between the two stations on account of refraction. A com- 
putation was made which showed that this correction is only one 
part in several million. 

The probable error of the straight-line distance from Mount Wil- 
son to San Antonio Peak is 1 part in 6,800,000 from field measure- 
ments and observations alone. It is believed that the length of this 
line has been determined with greater accuracy than that of any 
other line of triangulation in this or any other country. 
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THE SHORT-PERIOD VARIABLE STAR 
RV CANUM VENATICORUM 
By J. SCHILT 


ABSTRACT 

Light-curve-—From ninety-one plates the light-curve of RV Canum Venaticorum 
is found to be of the type of W Ursae Majoris, with a period of 0.269572 day. This 
makes it highly probable that the star is a dwarf eclipsing binary, instead of a variable 
of the cluster type, as stated by Graff. 

Spectrum and range in light—The spectrum is F8; the photographic range is 0.75 
mag. and apparently does not exceed the visual range. 

The variability of this star, which is 25’ from the center of the 
globular cluster M3, was first detected by J. Larink,’ who found a 
period of 0.134786 day. A photometric visual light-curve has been 
published by K. Graff,? who calls attention to many irregularities. 
The reality of these irregularities seems doubtful. I have combined 
Graff’s observations into groups of three. The dispersion of the devi- 
ations of such normal points from a symmetrical smooth curve is 
+0,062+0.019 mag. (mean error). Graff gives a mean error of 
+0.06 mag. for his individual observations, which, if the latter are 
independent, amounts to +0.036 mag. for the normal points. The 
difference between the observed dispersion and the value given is 
0.026+0.019 mag. Whether this is accidental or a consequence of 
some systematic error in Graff’s observations cannot be settled. 
It will be seen, however, that the present observations do not cor- 
roborate the alleged irregularities. 

To determine the photographic light-curve, ninety-six plates, 
each with eight minutes’ exposure, were taken, mainly during four 
nights, with the 60-inch reflecting telescope. The plates used are 
Eastman 40, size 4 by 5 inches, so that the center of the globular 
cluster M3 is just on the following edge of the plates. Ninety-one 
of these plates have been measured with the thermopile micro- 
photometer. The magnitudes of the comparison stars were derived 


t Astronomische Nachrichten, 214, 71, 1921. 


2 Ibid., 217, 310, 1923. 
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from the comparison plates SS 145, 146, and 147, which have the 
following exposures and zenith distances: 


Plate First Exposure Second Exposure 
SS ard Sew ease Selected Area 57, 15° RV Can. Ven., 12° 
TAG soeet ete RV Can. Ven., 13 Selected Area 57, 8 
TAT eae Selected Area 57, 5 RV Can. Ven. 4 4 


/\ 
Because of the small zenith distances, no correction for differ- 
ential extinction is required. The magnitudes, on the international 
scale, of the stars of the Selected Area were kindly supplied by 
Mr. Seares, and the resulting magnitudes of the comparison stars, 
together with their rectangular co-ordinates, are entered in Table I. 


TABLE I 
VARIABLE AND COMPARISON STARS 


Po. Mac. 
STAR X Y 

Provis. Adopted 
RV Can. Ven... . oO Co Lien tet tear PERT A SRO c 
Ty es Sica +358 +35 15.74 15.78 
Dake a cian tree 320 4I at) T5.30 
Coraiitaistshn tem ce +274 30 14.72 14.59 
Weave cee tal Vie ee ees —270 37 16.20 16.16 
Co ter ete er —41I7 + 8 14.62 I4.71 


The provisional values were derived directly from the three compari- 
son plates, whereas the adopted magnitudes are the smoothed values 
found by using measurements from all the plates. The comparison 
stars c and e happen to be the same as Graff’s stars f (vis. mag., 
13.41) and a (vis. mag., 13.66), respectively. 

The observational data are entered in Table II. The observa- 
tions have been combined into groups of four in order of phase. The 
normal points thus obtained are given in Table III, and are shown 
graphically in Figure 1. The computed minimum is at phase 0.185 P. 
The mean magnitude at maximum from the eighteen observations 
between phases 0.685+0.100P is 14.897+0.014 mag. (mean error); 
from the eleven observations between the narrower limits 0.685+ 
0.050 it is 14.883-+0.017 mag. (mean error). The adopted maximum 
light is 14.88 mag. The magnitude at minimum is estimated to be 
15.630.04 mag., from which the photographic range is 0.75+0.04 
mag. 
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TABLE II 
THE OBSERVATIONS 


3 


J.D. Hel. J.D. Hel. 
Plate | G.M.T. | Epochand | wag. |! Plate | “GMT. | Erochand | yay, 
2424000+ se 2424000-+- 2 


—_—_———— | | | | | SSSSSSsSESFEFs 


SS 64..|] 564.9255 0.000P | 15.33°||SS128..| 620.9386 | 415.571P | 14.85 
.622 


65.. - 9330 .055 15.38 T2000 -90455 14.87 
66.. -9400 . 106 15.56 TO .9524 .673 14.83 
O7e -9469 .158 15.69 pees -9593 -724 14.90 
68.. -9538 . 209 15.70 T39% .9766 .853 14.04 
69.. .9608 . 261 15.61 138..| 621.7003 | 421.222 ES. 65 
7 Ons .9677 Fh) 15.38 13Q.. . 7072 5273 15.44 
ane .9816 -415 Tee 2s I40.. . 7142 1325 15.10 
WIE .9885 -467 15.06 TATA: ay eR -376 I5.02 
Als -9954 .518 Sheed E42. . 7280 -427 14.94 
75..| 565.0024 . 569 Te STs TA3.. - 7349 -470 14.82 
76.. .0093 .621 14.89 TA dre .7418 .530 14.90 
ks IO .O163 .672 14.95 I45.. . 7883 .875 14.86 
yheheen .0232 AGpee) 14.93 146.. - 7953 .927 15.06 
aes . 0301 Sih 14.95 147.. .8243 | 422.142 15.60 
80... .0371 .826 14.78* 149.. . 8804 .558 14.93 
Sia. .0440 .878 I5.03 TSO; .8874 .610 15.04 
ey ie .O510 .930 15.02 ESE: . 8943 661 14.98 
SRG - .0579 0.981 15.06 a .QOI2 712 14.87* 
98..| 619.9025 | 407.884 15.02 Tie ae .9082 . 764 14.91 
99.. - 9140 .969 14.90 ERA ws -QI5I 816 14.94 
I02..| 620.7307 | 414.029 15.25 I55.- .9220 .867 14.07 
TOS). yh e .080 15.34 ESO... .9289 .918 I5.10 
104.. . 7446 PI3i 15.58 E57 > -9358 .969 bap te 
OSs ISLS .182 15.67 TRO ae .9428 | 423.021 15.18 
TOO A. - 7585 . 234 15.58 EROo, -9497 .072 15.20 
107%. . 7054 . 286 15.36 171..| 642.6838 | 576.902 14.86 
108... .7724 -338 15.24 T72e. . 6908 -954 15.07 
109. . 7793 . 389 15.13 173.. -6977 | 577-005 15.19 
TIO. . 7862 .440 15.03 7a - 7046 .056 15.19 
Til... +7932 -492 14.94 BASES es supp es . 108 15.31 
DIZ . 8001 -543 14.89 TIO. . 7184 -159 15.39 
EIS .8070 .594 14.86 7 ns 7253 .210 5555 
DA . 8140 .646 14.82 178.. P7224 . 262 15.28 
DIS . 8209 .697 14.86 TO. - 7392 eee fen thas 
r16.. .8278 -749 14.83 180.. . 7401 - 304 15.10 
EI 5. - 8347 . 800 14.84 nga ee . 7530 -415 15.00 
TIS- . 8416 .851 14.95 182.. . 7600 -467 14.98 
EIOw« . 8486 .903 14.88 TOs . 7669 -518 14.95 
RaQ. .8555 .954 I5.10 184.. -7738 -570 I4.94 
T4230 .8971 | 415.263 15.28 185.. . 7807 .621 I4.Q1 
ashe -9O40 .314 14.95 186.. . 7877 -673 14.84 
2A. -QIIO - 366 a ae 2 rez. - 7946 .724 I4.90 
25. -9179 -417 15.04 188.. . 8113 . 848 14.89 
126.. .9248 -468 I4.97 190..} 642.8535 | 578.161 15.50 
2 oye +9317 -520 15.01 

* Taken through the glass. 
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The observations by Graff have been plotted as crosses in Figure 
r, each cross representing the mean of three successive observa- 
tions. In order to make the ordinates correspond to the photographic 
light-curve, a constant, +1.35 mag., has been applied to Grafi’s 
visual observations. The magnitudes at maximum, 13.48-F 0.03 mag., 
and at minimum, 14.29+0.05 mag., give a visual range on 


Mag. 
14.8 


Wn 
1} 


0.8 0.0 0.2 0.4 0.6 Phase 


Fic. 1.—Observations of RV Canum Venaticorum in groups of four (dots) 
plotted according to phase as calculated from Larink’s period (half-period). Crosses 
represent means of three consecutive observations by Graff, reduced to the zero 
point of the Mount Wilson measures. 


Grafi’s scale of 0.81-+0.06 mag. The difference between the photo- 
graphic and visual amplitudes is thus —o.06-+0.075 mag., from 
which we may conclude that, on the basis of the adopted scales, 
the photographic amplitude does not exceed the visual range. 

It is evident from the measures that the light-curve is of the 
type of W Ursae Majoris, and this conclusion is not contradicted by 
Graff’s observations. 

The spectrum obtained with a slitless spectrograph at the 60- 
inch reflector is F8. The lines seem to be diffuse, though there is 
some uncertainty on account of the low dispersion used. 
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The data so far obtained indicate that RV Canum Venaticorum 
is a very faint representative of the W Ursae Majoris class of stars, 
and presumably a dwarf. As it is an eclipsing binary, Larink’s period 


TABLE III 
NorMAL Pornts 

Phase Mag. Phase Mag. 
OLOEAP re wees. 15.24 On S5OP ee 14.97 
BODO aie sone ara 15.28 SOOM car eeiee arent 14.07 
FDO Susne arenas 15.41 NOP ts Marte ois aes oe 14.87 
BTOR SO ersa ct ae 15.56 Mey (ots near He 14.90 
HDI Aneel 15.607 SAT A Base etecr ees 14.89 
BOR Seis arirerah as 15.44 Pa A | Stet 14.90 
FAQ seas cinceceisiele 15.34 boi tee ican 14.86 
AIC CPA 15.10 OOD cat drerah apes 14.93 
ie tel le ae dA ite ES 12 SDO2 Na tee ar 14.95 
AD Bee autre rhrce I5.00 fies ae Hwee 15.07 
AYO Me sek tae ays 14.96 QO QOGn awe sics aes 15.04 

Qual aena. cet. 15.00 


* Mean of three observations. 


TABLE IV 


NorMAL POINTS FOR REVOLUTION PERIOD 


Phase Mag. Phase Mag 
OsO00 arn dns co's 15.61 oni ote: © ee ee 15.40 
ASL he ce noe eRe 15.40 Bac ene ae Io .2E 
sO Ne ree Serr HOO amin conn: 15.08 
sip hemes aoe ee 14.97 UBARa a Ae 14.99 
DOO antares 14.98 SQSOS sees co I4.04 
BAD rae ic oist 14.90 BOOM te asain I4.90 
BO Olesen er. 14.88 STAR ly eos 14.86 
STOR nwa saree 14.88 POROS aay 5 aha s aes 14.90 
ais Bh mee rape 14.95 ASS ey eer oe ee 14.99* 
BO ara! srar thats I5.02 SOOO ganic m Sree E5.32 
BOO monte ora s 5 che oqnoy hy 5 cach yenieacge 15.61 
OUAAO Sinn gscoecs 15.22 


* Mean of three observations. 


must be doubled. New normal points for the complete period of 
revolution are entered in Table IV, where the phase is now counted 
from the primary minimum." The light-curve for the double period, 

t It is suspected that the comparison star e may be variable. The magnitudes were 
therefore determined a second time without using star e. The average difference, with- 


out regard to sign, between the two sets of values is 0.02 mag. The results of the first 
reduction have been retained. 
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shown in Figure 2, has slightly different minima and an asymmetry 
which, even if real, need cause no surprise, since it is quite compa- 
rable with asymmetries found in other stars of this class. 

The heliocentric time of principal minimum derived from the 
present observations is J.D. (Greenwich Mean Time) 2424642.5863, 


Mag. 
14.8 


Fic. 2.—Normal points for RV Canum Venaticorum corresponding to complete 
period of revolution. 


while that of the minimum observed by Graff is 2422811.5540. Since 
the period is known only with an accuracy of one second,? the in- 
terval between the two epochs is, unfortunately, too large to de- 
termine the number of intervening revolutions. The revised ele- 
ments are: 

Min. (J.D. Hel. G.M.T.) = 2424642 .5863 +0. 269572E 

+ .0020+0.000023 (m.e.) 

Maximum light........ 14.88+0.02 mag. (m.e.) 

Primary minimum...... 15.65+0.10 

Secondary minimum....15.48+0.10 


where the period is Larink’s value doubled. 


Mount WItson OBSERVATORY 
August 1926 


t J. Larink, Joc. cit. 
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INTERSTELLAR CALCIUM 
By OTTO STRUVE 
ABSTRACT 


Intensities of detached calciwm lines —Estimates have been made for 321 stars of 
spectral type not later than B3. Some of these were from spectrograms in the collections 
of the Mount Wilson, Victoria, Lick, and Yerkes observatories; others from plates 
taken by me with the 60-inch reflector at Mount Wilson. The mean intensity of de- 
tached lines increases from 1.6 to 3.6 units between x and 7 mag. The probable error of a 
single estimate is 0.5 unit. One unit corresponds to a difference of about 0.1 mag. 
between the intensity of the continuous spectrum at A 3933 and the center of the K line. 
The increase in intensity for the fainter stars is probably an effect of distance, the space 
around the sun out to 150 or 200 parsecs being unfavorable for the appearance of strong 
detached lines. The strongest lines occur at a distance of 500 or 600 parsecs, beyond 
which conditions are perhaps again less favorable for the production of strong lines. 
Regional effects seem to be the most important factor in defining the intensity of de- 
tached K. In Cepheus (36 stars) the mean intensity is more than 5 units, while in Orion 
(24 stars) it is only 2 units. B3 stars have, on the average, weaker lines than the earlier 
spectral subdivisions. Detached lines seem not to occur in types later than B3. The 
lines appear to be slightly stronger in a belt of 20° along the plane of the Milky Way. 

The components of visual double stars have identical intensities, without respect to 
differences in brightness or spectral type. The spectroscopic binary 2 Lacertae, type B3, 
shows a detached calciwm line between two stellar components, at or near the time of 
passage through the node. 

Calcium cloud in Cepheus—The residual velocities from detached K lines of 36 
stars in the Cepheus region are syslematically smaller than those from the stellar lines, 
and effects of group motion may be present. The intensity of K in these stars is slightly 
smaller in regions where dark nebulae are present. It is estimated that the distance of 
the beginning of the calcium cloud is 250 parsecs. The dark nebula is found, from star- 
counts, to be at a distance of about 350 parsecs. The region of strong calcium lines in 
Cepheus extends into portions of the Milky Way where the distribution of stars is 
normal, whence it is believed that calcium clouds are transparent. 


INTRODUCTION 


Although twenty-two years have elapsed since Hartmann dis- 
covered “stationary” calcium lines in the spectrum of the binary 
6 Orionis, our knowledge concerning the origin of these lines has ad- 
vanced but little.* The most important observational investigation 
made in recent years is that of J. S. Plaskett.? From this we now 
know that the peculiar lines of calcium and sodium are not confined 
to spectroscopic binaries alone, but occur in nearly all stars of spec- 

« For a more detailed summary of earlier work on detached calcium lines see my 
paper in Popular Astronomy, 33, 639, 1925; 34, I, 1926. 


2 Publications of the Dominion Astrophysical Observatory, Victoria, 2, 335, 19243 
Monthly Notices of the Royal Astronomical Society, 84, 80, 1924. 
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tral type not later than B3. Since the calcium lines in stars of con- 
stant velocity have exactly the same properties as the so-called 
“stationary lines’ in spectroscopic binaries, I am following a sug- 
gestion by P. W. Merrill‘ in using the word “detached” throughout 
this paper. This term includes all lines that behave differently from 
ordinary stellar lines with respect to Doppler shift, intensity, width, 
and general appearance. 

Plaskett has shown that the radial velocities derived from de- 
tached lines do not agree with those from ordinary lines, and that 
the difference is frequently so large that it cannot be explained by 
abnormalities in wave-length or in the structure of stellar absorption 
lines. Furthermore, the velocities from the detached lines have a 
tendency to agree very closely with the radial component of the 
solar motion, indicating that, referred to our stellar system, the 
peculiar velocities of the gases responsible for the appearance of 
these lines are small. 

In explaining the origin of detached lines Plaskett modified the 
original hypothesis of Hartmann. He suggested that the detached 
lines are produced by absorption in a “‘widely distributed tenuous 
cloud of matter,” enveloping the stars so that its calcium atoms will 
be ionized in the neighborhood of the hottest stars. This would ac- 
count for the occurrence of the detached lines in spectral types O 
and B only. 

For details of other investigations concerning the detached 
calcium lines the reader is referred to the original papers by R. K. 
Young,? G. Strémberg, H. Kienle,4 H. Vogt,5 H. Ludendorff,$ 
J. Woltjer,? F. Henroteau,’ M. N. Saha,’ B. P. Gerasimovié,” and 


t Publications of the Astronomical Society of the Pacific, 38, 211, 1926. 


2 Publications of the Dominion Astrophysical Observatory, Victoria, 1, 219, 1920; 
Journal of the Royal Astronomical Society of Canada, 19, 46, 1925. 


3 Mt. Wilson Contr., No. 293, p. 10; Astrophysical Journal, 61, 372, 1925. 


4 Probleme der Astronomie; Festschrift fiir H. v. Seeliger, p. 38, 1924; Monthly 
Notices of the Royal Astronomical Society, 84, 583, 1924. 


5 Astronomische Nachrichten, 224, 16, 1925. 6 [bid., 212, 3, 1920. 
7 Bulletin of the Astronomical Institutes of the Netherlands, 2, 195, 1925. 


® Journal of the Royal Astronomical Society of Canada, 14, 234, 1920; 15, 62, 109, 
1921. 


9 Nature, 110, 488, 1921. 10 Thid., 113, 458, 1924. 
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others. My previous work, of which the present paper is a continua- 
tion, will be found in several short articles. Of particular impor- 
tance is A. S. Eddington’s recent discussion on ‘‘Diffuse Matter in 
Interstellar Space.’ From theoretical considerations Eddington 
concludes that it is impossible to assume that the detached-line 
absorption, although occurring in an interstellar cloud, is controlled 
by the hot stars, stellar radiation being required to alter the con- 
stitution of the calcium and to produce the peculiar lines in stellar 
spectra. From certain assumptions he finds that “proximity to a 
very hot star would decrease the amount of Ca+ by causing more 
double ionization.” Eddington suggests that absorption occurs 
evenly all along the path of the light, and that diffuse matter of 
calcium and other elements is present everywhere in sufficient 
quantity to produce appreciable monochromatic absorption, but in 
insufficient quantity to affect to any measurable amount the bright- 
nesses or the colors of the stars. 

The present contribution gives additional observational material 
concerning detached calcium lines and an interpretation of this 
material from the point of view of the two hypotheses—that of 
Eddington and that of Plaskett. 

Preliminary work on spectrograms taken at the Yerkes Observa- 
tory showed that certain deductions could be made from the in- 
tensities of the detached lines. If the detached lines do not originate 
in the atmospheres of the stars, their intensities must be functions, 
not only of stellar temperature, but also of the properties of the 
clouds, and interesting revelations may be expected from a study 
of such intensities. 

Plaskett’s list of radial velocities determined from detached 
lines includes 40 stars. Because of the excellence of the Victoria 
equipment and the special care taken by Dr. Plaskett, these veloci- 
ties are undoubtedly the best available at present. About 70 calcium 
velocities were made accessible by the publication of the velocities of 
368 helium stars observed at the Yerkes Observatory.’ It seemed 

t Popular Astronomy, 33, 639, 1925} 34, I, 158, 1926; Astronomische Nachrichten 
227, 377, 1926; Publications of the Astronomical Society of the Pacific, 38, 211, 1926. 

2 Proceedings of the Royal Society of London, A, 111, 424, 1926. 

3 Astrophysical Journal, 64, 1, 1926. 
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desirable, however, to obtain more radial velocities, in order to 
strengthen Plaskett’s results and to permit the investigation of sys- 
tematic motions of separate calcium clouds. 

The material on line intensities, on which the first part of this 
paper is based, was obtained by me during the summer of 1926, at 
the Mount Wilson, Victoria, and Lick Observatories. Through the 
courtesy of the directors, Dr. W. S. Adams, Dr. J. S. Plaskett, and 
Dr. R. G. Aitken, I was permitted to look over a large number of 
spectrograms of early-type stars and to make estimates of the in- 
tensities of the calcium line K. Although not complete for stars of 
every given apparent magnitude, these estimates are ample for an 
independent discussion, including the determination of systematic 
and probable errors. . 

The second part of the investigation—that concerning the radial 
velocities and intensities from the detached calcium lines in a limited 
region of the sky—was made during a stay of three months at the 
Mount Wilson Observatory. Most of the necessary spectrograms 
were obtained with the 60-inch reflector. Two plates were taken by 
Mr. A. H. Joy with the roo-inch telescope, and several earlier 
plates by various observers at Mount Wilson were also utilized. 
For the brighter stars, I used the material available at the Yerkes 
Observatory, which was published in part in the paper on 368 helium 
stars. Several additional plates were taken by Professor S. B. 
Barrett and Mr. C. T. Elvey with the Bruce spectrograph attached 
to the 40-inch refractor. 

Each of the three spectrographs was equipped with one prism. 
The cameras are of different focal lengths, and the linear dispersions 
are not the same. The Yerkes plates have the largest scale, about 
30 A to the millimeter at \ 4500. The Mount Wilson plates taken 
with the 60-inch telescope are on a slightly smaller scale, about 45 A 
to the millimeter, while the scale of the spectrograph attached to the 
10o-inch is only about 80 A to the millimeter. The quality of the 
plates is nearly uniform in all three cases. 

The special region selected for study was that in Cepheus, in 
which I had previously suspected the existence of abnormally strong 
detached lines. Furthermore this region is interesting because of the 
comparatively large positive values of the color-excess for a con- 
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siderable number of stars. The stars observed were selected from 
the Draper Catalogue between a 21"0™ and 22520™ and 6 +50°0’ and 
+70°o’. Anattempt was made to observe the 36 stars within the fore- 
going limits for which this Catalogue gives the spectral type as not 
later than B3. Two of these had to be excluded because of faintness. 
In their place I included two other stars, situated somewhat farther 
to the south. While selecting these it was noticed that the number of 
objects of spectral type earlier than Bs situated in the dense galactic 
star cloud between a 2150™ and 22515™ and 6 +4o0° and 50° is unex- 
pectedly small—only 3 in an area of 43 square degrees, while in an 
approximately equal area, adjoining on the north, the number is 22. 
The 36 stars of the final observing program are divided nearly 
equally between areas where the stellar distribution seems to be 
normal and where there are striking obscuring nebulae. Several stars 
are in the large bright nebula in Cepheus, around a 21535™, 6 +57°, 
which was discovered by E. E. Barnard and frequently photographed 
both by him and by Dr. Max Wolf, of Heidelberg. Because of this 
distribution it was possible to investigate the relation between cal- 
cium clouds and obscuring or bright galactic nebulae. 


I. DISCUSSION OF THE INTENSITIES 


Material.—In estimating the intensity of the K line of calcium 
I have followed the method previously used for the Yerkes spectro- 
grams.” The plate was put under a microscope or a low-power eye- 
piece, and the intensity of the center of the K line with respect to 
the adjoining portion of the continuous spectrum was estimated on 
an arbitrary scale. If no line could be seen, the intensity was called 
“o,.” Tf a line was suspected but not definitely seen, it was called 
““7.”” A very faint line, the reality of which seemed certain, was 
denoted by “2.’’ A faint line seen without difficulty was indicated 
by “3.” Fairly strong lines were indicated by “4” and ‘‘5.” A line 
corresponding in intensity to the K line in Vega was denoted by 
‘to.’ In the majority of cases the detached lines are fainter than 
this value, but for a few stars they are somewhat stronger than ro. 


t Astronomische Nachrichten, 227, 377, 1926. 
2 Popular Astronomy, 33, 651, 1925}; 34, 4, 1926. 
67 


6 OTTO STRUVE 


Precision of the intensity estimates—The intensities of the de- 
tached K line had previously been estimated for 152 stars observed 
at Yerkes. To determine the accuracy of the estimates I determined 
the intensities of the K line for a large number of stars on spectro- 
grams available at the Victoria, Lick, and Mount Wilson Observato- 
ries. As a result, determinations of intensity from more than one 
observatory are available for 94 stars. Since the various estimates 
were made independently, at different observatories, and on plates 
obtained with different instruments, they afford material for de- 
riving systematic and probable errors, and thus provide a test of 
the accuracy of the whole method. My own Mount Wilson observa- 


TABLE I 
SYSTEMATIC AND PROBABLE ERRORS OF INTENSITY ESTIMATES 


OBSERVATORY 
Yerkes Victoria Lick Mt. Wilson mage ber 
Number of stars........ 67 63 7 51 20 
Systematic error........ + 0.22 — 0.02 iO 7) —1 6.03 = On02 
Probable error of one esti- 
Wate aon een eENOn 55) EON a ENOL EEROn5O ae (oy,(oie 


tions were treated in this comparison as an independent series of 
estimates. The residuals from the mean intensity for each star lead 
to the systematic and probable errors shown in Table I. 

The systematic errors are in all cases very small, and can safely 
be neglected. Since in the following discussion all groups of stars 
include estimates from different observatories, it is obvious that 
systematic errors of more than o.1 unit will not occur, which is about 
the limit of accuracy to be expected. The probable errors are also 
small, +0.5 unit on the average. This means that, in the majority 
of cases, a single estimate is accurate within 1 unit. The small values 
of both the systematic and probable errors are reassuring, and give 
confidence in the results obtained from the estimates. 

Effect of unaer-exposure—In my earlier investigation,’ based 
wholly on spectrograms obtained at the Yerkes Observatory, the 
limiting magnitude was 6.0. It was found' that the intensity of the 


* Publications of the Astronomical Society of the Pacific, 38, 220, 1926. 
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K line increased for the fainter stars, and it was inferred that under- 
exposure did not vitiate the results. This conclusion is now con- 
firmed by a much larger amount of material. At Victoria and 
Mount Wilson stars of apparent magnitude 6.0 can be photographed 
in a few minutes, and the limiting magnitude lies close to 9.0. The 
new material, therefore, extends the list to much fainter stars; 
nevertheless, the general run of average intensity with apparent 
magnitude remains essentially the same as for the Yerkes spectro- 
TABLE II 
EFFECT OF UNDER-EXPOSURE 


Star Plate veieray srg oped Remarks 
IBOSSESOA ens cce covers yy 12224 A 3920 3 
y I21IO d 3920 4 
Y 12013 dA 3889 4 
¥Y 12283 d 3889 6 
yy 12205 d 3889 5 

IBOSSIS 535 crises cs y 6205 DEOL it ha wl Stee, SU ce Invisible 
Y 5932 X 3900 4 
Y 3748 » 3841 4 
yD) 200320 yey Y 1924 dA 3928 4 
y 2566 d 3860 4 
B.D.+57°2309....| C 2792 d 3889 9 
@ 2325 d 3879 Be) 
C 2435 A 3860 Io 
C 2429 d 3860 8 
x2 Orioniss+s..--+ => C 2641 d 38790 ria 
C 899 d 3860 8 
y 10765 d 3841 8 
y 12404 rd 3841 Io 


grams alone, thus indicating that the earlier data were not affected 
by under-exposure. 

To obtain an independent test of the effects of under-exposure, I 
selected from the Mount Wilson collection spectrograms of several 
stars for which weak and strong plates were available and such 
that detached lines of both strong and average intensity were repre- 
sented. On these plates I estimated the intensity of the detached K 
line and also noted the approximate wave-length in the violet to 
which the continuous spectrum extended. The results are shown in 
Table II, in which the plates are arranged in the order of increasing 
density. 

The first star shows a slightly greater intensity, of the order of 
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1.5 units, for the stronger plates; but for the others the effect is com- 
pletely absent. We conclude that if a plate is strong enough to show 
the continuous spectrum to about \ 3900, the estimated intensity 
may be regarded as reliable; but on weak plates extending only to 
X 3920 there is some danger of making too low an estimate. 

In most of my estimates, I made no record of the limiting wave- 
length. It is therefore not possible to check the number of plates 
on which the continuous spectrum extends only to A 3920. Stars of 
apparent magnitude 7 or brighter can safely be regarded as being 
free from effects of under-exposure. For the fainter stars caution 
must be exercised in the interpretation of the results. For the 
brightest stars estimates were made only on plates of normal den- 
sity, and effects of over-exposure need not be considered. 

Calibration of intensity scale—The spectra of a few bright stars 
were photographed on the same plate with varying exposure times, 
and the photographic density of the center of the K line, obtained 
with a long exposure, was matched up with the density of the con- 
tinuous spectrum, obtained from a short exposure. The ratios of 
exposure times were then converted into intensities by means of 
Schwarzschild’s formula. The method was first applied to Arcturus 
and the sun, with the result that the strongest lines appeared to 
be about 2 mag. fainter than the continuous spectrum. For several 
A-type stars the values for the magnesium line at \ 4481 ranged 
from o.3 to 1.8 mag. These results are in general agreement with 
those of Bottlinger,’ who found that in stars such as a Cygni and 
Sirius \ 4481 had an intensity 1.0-1.2 mag. below that of the back- 
ground. 

The same method was later applied to the calcium line K in 
several stars,’ with the following results: 


Intensity of CaK| Mag. Diff. Line 
Star on Arbitrary and Cont. 


Scale Spectrum 
a Lyrae cht Miles eta chterns Io 1.8 
ry; Oro IS 5 ol fin ee ee 4 0.8 
BT auriee 7c een eee eee 2 0.6 


t Astronomische Nachrichten, 195, 119, 1913. 
? Popular Astronomy, 33, 652, 1925 
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These results are very uncertain because of the inaccuracy of the 
method used. In a recent paper by Cecilia H. Payne and Harlow 
Shapley,’ the intensity of the K line in Vega is given as 0.23 mag. 
This value was obtained from microphotometer tracings and, as 
far as the photometric method is concerned, is certainly reliable. 
Even a casual glance at our plates, however, shows that the differ- 
ence between the continuous spectrum and the center of the line is 
much greater than the value obtained at Harvard. The problem 
may be compared to that of estimating stellar magnitudes on direct 
photographs, where under the best conditions a difference in photo- 
graphic density corresponding to 0.1 mag. can be detected. The 
faintest visible spectral lines should therefore correspond to a similar 
difference in density. If the plates are over- or under-exposed or 
influenced by the Eberhard effect, or if the width of monochromatic 
absorption is small in comparison to the theoretical line-width of 
the spectrograph, then the limiting difference in intensity for which 
a line is detectable will be rather more than o.1 mag. For the par- 
ticular line \ 3933, it is also necessary to take into consideration the 
relation between contrast and wave-length. F. E. Ross has shown? 
that under ordinary conditions and for simple blue-sensitive plates 
the contrast factor gamma decreases for the shorter wave-lengths. 
From his experiments I find that for \ 3900, gamma=o.5, while for 
d 4800, where the continuous spectrum is strongest, gamma=r.2. 
Such a large difference in contrast tends to increase the limiting 
difference in intensity detectable with the eye. It would probably 
be more nearly correct to assume that the faintest K line discernible 
with certainty has an intensity about o.2 mag. lower than the back- 
ground of continuous spectrum. 

If in the case of Vega we imagine that we are dealing, not with 
spectra, but with star-images, one of the density of the continuous 
spectrum at \ 3930, the other of the density of the center of the K 
line, we should estimate the difference in density to be of the order 
of 1 or 2 mag. This value roughly confirms that obtained from 
scale plates. 

t Proceedings of the American Academy of Arts and Sciences, 61, 459, 1926; Harvard 
Reprint, No. 28. 

2 Physics of the Developed Photographic Image, p. 74, 1924. 
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In order to determine entirely independent values of the in- 
tensity, I obtained tracings from some of the plates with the regis- 
tering thermoelectric microphotometer of the Mount Wilson Ob- 
servatory. Photographed upon the plates was a photometric scale 
by means of which it was possible to read off the intensities corre- 
sponding to various densities on the plate. Scale and spectrum were 
given the same treatment, except that the wedge was exposed to the 
light of an ordinary electric lamp, of effective wave-length near 
4800. Since the K line has a wave-length of 3933 A, it is necessary 
to introduce corrections for change of contrast with change of wave- 
length. According to Ross, the value of gamma at K, as previously 
stated, is only about one-half of that which would apply to the 
wedge. As a check on this effect of contrast, I used a number of 
exposures of the wedge made with the same electric lamp and bat- 
tery as were used for the spectrograms. These exposures, for which 
I am indebted to Dr. E. Pettit, were made, some without filter and 
others with a combination of Wood’s U.V. filter with Corning heat- 
absorbing glass 124J, which has a maximum transmission at \ 3750. 
A comparison of the plates shows clearly less contrast for the ex- 
posures made through the screen, but the corrections are somewhat 
smaller than those derived from Ross’s values of gamma. In view 
of this slight discordance, I have adopted averages from the cor- 
rections of Pettit and of Ross. 

Intensities were determined with the microphotometer for 
eleven plates. Grouping these according to intensity and smoothing 
the results, I obtained the following approximate calibration for 
my estimates: 


Estimate..... O fT .2 (3) “475 6 G8 fo “io Si. a eer 
Mag. diff... .. 0.00.9 0.2 0,3 0/410:5 6.6 .0:7'0:6.0.9 1,0 1st 42mg 


These values are somewhat smaller than those obtained from 
direct comparisons, but their order of magnitude is about the same. 
The relation between my arbitrary estimates and the magnitude 
difference is linear. One unit in the arbitrary scale corresponds to 
about o.1 mag. 

Regional effects —Figure 1 represents the intensities of detached 
K lines, plotted on Aitoff’s equal-area projection of the sphere. 
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Harvard Annals, 56, were used. 


Galact ordinates as defined in 

The average intensity of all individual estimates for every star 

plotted according to its position in the sky. The total number of 
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stars is 321. Of these 155 were photographed at Yerkes, 131 at 
Victoria, 107 at Mount Wilson by various observers, 8 at the Lick 
Observatory, and 37 estimates were derived from my own plates 
taken at Mount Wilson with the 60-inch reflector. 

The distribution of the stars along the Milky Way is not uniform. 
In a portion of the southern sky the estimates are completely lack- 
ing, while they are especially numerous in longitudes 70° and 170°. 
The first region falls in the constellation of Cepheus, while the second 
lies in Orion, where B and O stars are especially frequent. 

The intensities of detached lines in these two regions show an 
unmistakable regional effect. In Cepheus strong lines are unusually 


TABLE III 


INTENSITIES OF DETACHED LINES IN CEPHEUS 
AND IN ORION 


Cepheus Orion 
Number of stars........-..- 36 24 
Mean intensity............. (lott 2.2 
Probable error of mean...... Ont + 0.06 
Standard deviation......... Se Ate ro 
Range in intensity.......... O-15 0-6 


numerous, while in Orion faint lines are the more abundant. For 
two circular areas of 8° radius, centered at galactic longitude 71°, 
latitude +3° for the Cepheus region and longitude 174°, latitude 
—14° for Orion, the intensities have the characteristics shown in 
Table III. 

The outstanding difference in mean intensity cannot be attrib- 
uted to chance. Since the mean spectral type is the same for the two 
groups, Br, the effect cannot be due to differences in spectral type. 
The average apparent magnitude is 6.4 for the Cepheus region and 
4.2 for Orion. The suspicion might therefore arise that the effect 
is one of distance, especially since such an effect actually exists for 
the mean of all stars. If, however, we use only the brightest stars 
in the Cepheus region, some 20 in number, the average intensity 
is even larger, which proves that in this case the effect is not due to 
greater distance. We are thus led to the conclusion that a certain 
portion of space—in the constellation Cepheus—favors the produc- 
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tion of strong detached calcium lines, while another portion of space 
—in Orion—is more favorable for the production of weak lines. 

Intensities of detached calcium lines as a function of distance.— 
Eddington was the first to suggest that the intensity of a detached 
line may be a function of distance.t Guided by this suggestion, I 
have attempted to find whether the estimates show such a relation- 
ship. 

The number and the relative precision of trigonometric paral- 
laxes for B and O stars are insufficient for an investigation of this 
kind. It was therefore necessary to use other criteria for distance, 


TABLE IV 
INTENSITY OF DETACHED K AS A FUNCTION 
OF APPARENT MAGNITUDE 


Apparent Magnitude Number of Stars cuiiras gs eas 


1S Bat Ohana Sete eae 7 1.6 
DeO-DaOine grace ee ers 7 ey 
BAO SRO ee errs 22 2.6 
AOA Oleectalate, hee ie aye 78 2.9 
ROH GO ie esuayeele < eetors 89 ee 
OPO“ OAQin an ciie es hones 64 3.6 
Wy O-—7al OveneWeroye ts ei ae ns 34 3.6 
BOO Odin ng sy neds dee 7 22% 
OQEOSO Olea tars) cus aE ows 3 227 


such as apparent magnitude. Accordingly, I have grouped all 321 
stars according to brightness, as shown in Table IV. 

The mean intensity for all 321 stars is 3.03. The data, plotted 
in Figure 2, show a definite increase in intensity between magnitudes 
1 and 7. For fainter stars the intensities are slightly smaller. In 
order to find whether the relationship is a consequence of systematic 
errors, I made separate tabulations for the different sets of plates; 
but the result remained essentially the same. Regional effects and 
those of spectral type were also looked into, without finding any evi- 
dence that would tend to discredit the results. Accordingly, we seem 
to be justified in assuming that the increase in intensity from magni- 
tudes 1 to 7 is an essential property of detached calcium lines. The 
decline in intensity for magnitudes 8 and 9, although indicated by 


t Proceedings of the Royal Society of London, A, 111, 424, 1926. 
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the figures in Table IV and supported by certain other evidence, 
should not be regarded as definitely established. It is based on a 
comparatively small number of stars, and may be influenced by re- 
gional effects. As we have seen, it is also possible that effects of 
under-exposure become sensible for stars fainter than magnitude 7. 

At the suggestion of P. W. Merrill I have attempted to corre- 
late intensity directly with distance. It is obvious that mixing stars 
of different absolute magnitudes increases the dispersion. To avoid 

Int. 


Seee see 
Re 
Beaeadeee 


Fic. 2.—Intensity of the detached K line as function of apparent magnitude 


this I computed the distances of the stars, in parsecs, from the 
formula 


log D= moet ies 


For the O Stars I used M = — 4.0, which is the value found for them 
by J. S. Plaskett.t For the B stars I adopted the means of the values 
given by Adams and Joy:? Bo, —3.1; B1, —2.5; B2, —1.8; B3, —1.2. 
The spectral types used were those given in the Draper Catalogue, 
except in a few cases where Mount Wilson determinations or my 
own estimates seemed to be more accurate. The average intensities, 
grouped according to distance, are shown in Table V. 

The relation between intensity and distance is plain. The total 
range in intensity here is 2.5 units, while in Table IV it is 2.0 units. 

Publications of the Dominion Astrophysical Observatory, Victoria, 2, 328, 1924. 

? Mt. Wilson Contr., No. 262; Astrophysical Journal, 57, 294, 1923 (Table I). 
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In an earlier publication* I have suggested that the average in- 
tensity of detached lines may depend on spectral type, for the 
earlier spectral subdivisions exhibit somewhat stronger lines than 


TABLE V 
INTENSITY OF DETACHED K As A FUNCTION 
oF DISTANCE 


Distance in Parsecs No. of Stars Intensity of K 

WF =LOO masini fear eatee 22 2.1 
LOOSZOO wenn sae ee IOI 2.2 
2OO=3.00 3). crsiiemertis a0» 62 Boi 
BOO AGO cis mains ks 47 Bue 
ASC—OGO ie bonis 21 sh 30 4.2 
GOORSOO santos nies 26 4.6 
S800=3900 saree tence 33 3.9 


the later ones. It appeared desirable, therefore, to investigate the 
run of intensities with apparent magnitude separately for each 
spectral subdivision. The O-type stars were so few in number that 
they were combined into one group. Subdivisions Bo, B1, B2, and 
B3 were examined separately. Table VI gives the numerical results, 


TABLE VI 


INTENSITY OF K FOR DIFFERENT SPECTRAL TYPES 


oO Bo Br B2 B3 
App. Mac. 

wo. | Ae [so fhe [se | BE fx. | AE | se | 
2 O20) aged OCB! Era enaioe 2 2a 2 ty 5, rq ale aces || Gop) 
DIO —2AOQ coe isi glaives <isies 2 1.8 6 Trae 4 2.2 2eliresr Bi) eee) 
Aste hile). Seo eee I es 2 320 3 TO 6 | 2.4 TOM 220 
Om sO emer aie oleae. is's 3 eg OP eeScO On 1 ana: Ete Aas BO eat 
RO= ok Oe ee Saw GO 5.21 Ai S 4.) — 30-4 arg 8 [a2 
GeO Or Os Oe ask wcis craves On teqy 2 8 | 4.3 2 4.2 oe a) aay reser 
SYS ee FA | Wage EEG | GS es el me Po Wee Ea cay | rel) eye Neh 
SeOmOe Ole vaieinienes eel onave I EeOs|peAve (242 iil | 2 He: er C55 ©, |'cre otal rere 
Ge OqOrO ioe wie em aco 6s Teil sO.) x ORR e\ | Sash y (ecard npeterane ie || eye 


and Figure 3, a graphical representation of intensity as a function of 
apparent magnitude. 
The curves in Figure 3 are based on very few stars, and it is 
t Popular Astronomy, 34, 7, 1926. 
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therefore necessary to be cautious in their interpretation. In all five 
curves, however, the lowest intensities have a tendency to occur 
among the brightest apparent magnitudes. In all cases a maximum 
appears somewhere in the middle, followed by a small decline for the 


° 2 4 6 8 10 Mag. 


Fic. 3.—Intensity of detached K line as function of apparent magnitude, for sepa- 
rate spectral types. One star was omitted in type Bz. The inclined straight line joins 
the maxima of the curves. 


faintest stars. A progression in the maxima of the five curves from 
about magnitude 4 for type O to magnitude 7 for B3 seems also to be 
indicated. The inclined line in Figure 3 illustrates this progression. 
It is remarkable that this change in the position of maximum inten- 
sity corresponds almost exactly to the change in absolute magni- 
tude. Indeed, if we read from the curves the points of maximum in- 
tensity and subtract the absolute magnitudes, we obtain: 
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Spectral Type 
Deane es te ne 4.2+4.0=8.2 
Bosc a teetes- 5.0+3.1=8.1 
Beer rant 6.0+2.5=8.5 
Ee ee ee 6.7+1.8=8.5 
Se nee ete sees st eh Or Ey 
WA PATE Ae lee eae Seis 8.4 


These values would indicate that for a star of absolute magnitude 
0.0, maximum intensity occurs at apparent magnitude 8.4, which 
corresponds, roughly, to a distance of 500 parsecs. This result is in 
fair agreement with the general run of the intensities for all stars. 
It means that the detached calcium lines are very faint in the neigh- 
borhood of the sun, that they increase in intensity for regions farther 
away from us, and that the strongest lines are favored by a spherical 
shell at a distance of about 500 parsecs from the sun. Beyond this 
distance conditions may be less favorable for the production of 
strong detached lines. It is necessary, at this point, again to call 
attention to the small number of stars fainter than the seventh mag- 
nitude. It is possible, therefore, that the decline in intensity for 
distances greater than 500 parsecs is not real. 

Nevertheless, it is interesting to note that the distance of 500 
parsecs, where our figures indicate maximum intensity for the de- 
tached K line, corresponds closely to the dimensions of the local 
cluster of B stars, as outlined by Charlier and later by Shapley. 
One feels tempted, therefore, to suggest that the regions most 
favorable for the production of strong detached lines of calcium lie 
near the outer boundaries of the local cluster of helium stars. The 
results of E. S. King? also lead to the assumption of an absorbing 
medium in the local cluster which produces reddening of the more 
distant stars. Since strong detached calcium lines seem frequently 
to be associated with positive color-excess, it seems possible that 
King’s absorbing medium and the local cloud of calcium are iden- 
tical. 

t Proceedings of the American Academy of Arts and Sciences, 59, 22, 1924; Harvard 


Reprint, No. 6. However, Professor B. Gerasimovié informs me that he has recently 
obtained for the size of the local system a value twice as large. 


2 Popular Astronomy, 34, 557, 1926. 
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The progression of the maxima in Figure 3 seems to support 
the decline in intensity for distances greater than about 500 parsecs; 
but, in view of the possibility that effects of under-exposure become 
appreciable for faint stars, and also because of the small number of 
stars used, this result should be regarded as tentative. The gradual 
increase in mean intensity of detached K for distances up to 500 
parsecs may, however, be regarded as certain. 

O-type stars—The results concerning the progression of the 
maxima in Figure 3 are based in part on the very asymmetric curve 
for O-type stars. It is for this same group of stars, however, that 
J. S. Plaskett found a large dispersion in absolute magnitude. More 
recent work by R. E. Wilsont tends to throw some doubt on the 
assumption that in O-type stars apparent magnitude is an indica- 
tion of relative distance. His tables seem to indicate that the dis- 
tance of all O stars is about the same, and that apparent magnitude 
is linearly correlated with luminosity. If this is correct, the curve 
for O stars cannot be interpreted as the result of varying distance, 
and the decline in intensity for the fainter stars, if real, must be 
attributed to a decline in luminosity. 

Brightest stars —In Table VII are listed all stars brighter than 
magnitude 3.0 for which the intensity of the detached K lines was 
estimated. Of these 24 stars only 3 have intensities that exceed 3.0— 
the mean for all 321 stars. The strongest line, 4.2, occurs in 44 ¢ Per- 
sel. For 13 stars the intensities are between o and 2, which means 
that K was either absent entirely or was only suspected as a very 
faint line in the spectra of these stars. 

Twenty-three of these stars are within 130 parsecs from the sun, 
and only one is at a distance as great as 250 parsecs. It seems, there- 
fore, that the space around the sun out to 100 or 200 parsecs in all 
directions is not favorable for the production of strong detached 
lines of calcium. 

Intensity and spectral type —Grouping all the stars according to 
spectral type, but without respect to apparent magnitude, we find 
the mean intensities given in the third column of Table VIII. 

With the exception of Bz, the intensity declines smoothly 
toward the later types, agreeing well with preliminary results from 

t Astronomical Journal, 36, 1, 1924. 
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Yerkes plates.’ Perhaps more representative are the maximum 
values from the five curves in Figure 3, which are given in the last 
column of Table VIII. 

TABLE VII 


List OF 24 BRIGHTEST STARS 


Star a 1900 6 1900 Mag. Sp. Fig ea Int. of K 
S8iq-Pegast se... oh 8mr | +14°38/ 207 B2 80 20) 
By Y Casslops.c. ss = © 50:7 || -|-60 2 20 Bop 100 0.0 
BAL Ce RELSE oe at's. 3 AT. Om | 423% 35 2.9 Br 120 4.2 
AP ese CISelari, i096 Sesia +39 43 2.7 Br IIo D7 
ZY, Wa 2 0) w (0) +(e § 19.8 | + 6 16 rs B2 45 Bes 
BAL OTONIS he eis, sec 52620) |—" 0122 222 Bo IIo Ae 
AAP IOVIONIS ie, 2.010 50GOss —= 5 50 2.9 Oes 240 2.0 
AG E\OTIONIS..: ae. - Ghee Ter rs Bo 83 320 

Peace AUT cretress st «ce Rea a7 +21 05 2.8 B3p 63 a5 
COMMOLONISI Dra. ee | 5 350-7 — 200 1.8 Bo 95 ros 
Bark OMONIS cess rece ee 5.43.07 1 — 9°42 2.0 Bo 100 2.0 

geoean. Neda, oe 6 18.3 —17 54 1.8 Br 72 2.0 
atienG@anNiajov, nc 6.54.7 || —28 50 ee Br 60 TO 
CERUDD Seri ecie ewes fs) fo) —39 43 2.3 Od 130 Tes 
OG iGIVILEINIS Ores cicrie 8 13 19.9 | —10 38 1.0 B2 36 0.2 
85 » Urs. Maj.......] 13 43.6 | +49 49 Ley B3 38 0.3 
m Centauri....... I4 20.2 —4I 43 2.5 B3p 55 Ons 
Grams COMMU nei I5 52.8 | —25 50 2.8 B2 83 1.0 
PEOUSCOLDUL re ses TS 54040 |e 22 20 2.3 Bo 120 I.0 
SIP SCOMpM. oo. % o. « I5 59.6 TEs 7 Br IIo 1.3 
BOVGEOCOLP Ile see) 16 15.1 —25 21 2.9 Br 120 r.5 
ZR TMOCOLPIL, hist viele > 16 29.7 | —28 or 2.7 Bo 140 2.0 
T° Ophiuchi...... 16 31.7 —T01 22 2.5 Bo 130 re) 
34 0 Sagittaril....... 18 49.1 | —26 25 2.0 B3 43 2.0 

TABLE VIII 


INTENSITY OF DETACHED K As A FUNCTION 
OF SPECTRAL TYPE 


Sp. Type No.of Stars | javerage, = |Maxtarum oven 
Oriecs teats. 26 4.05 Ses 
30 esa ete ticks 43 Be5G oD 
BD Uteatetas + 27 Cea | 5-4 
Bape. ween 49 4.0 #1.) 
1S eras ae 175 oan Bee 


The general character of the relation with spectral type is the 
same whether we consider maximum or mean intensity. The strong- 
t Popular Astronomy, 34, 7, 1926. 
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est lines occur in O-type stars and the weakest in subdivision B3. 
The decline per one-tenth of a spectral class from O to B2 is com- 
paratively small, while from B2 to B3 it is very pronounced. 

The dispersion in intensity within each spectral subdivision is 
considerable. Although there can be no doubt of the reality of pro- 
gression with spectral type, it is evident that regional effects are the 
most powerful factors in determining the intensity of detached K. 
It is probably for this reason that the strongest individual lines do 
not occur in spectral type O. The four stars having the strongest 
detached lines known to me (intensity 9 or more) are given in Table 
IX. 

The first star is of spectral type Bo; the others are Bz. The 
great intensity of the K line in H.D. 212455 at a distance of about 

TABLE IX 


STARS WITH EXCEPTIONALLY STRONG DETACHED LINES 


Star a 1900 5 1900 Mag. Sp. Dist. Int. 

o Camelop..........] 4%44™z +66° 10’ 4.1 Bo 270 9.3 
62 x? Orionis......... 5 58.1 20 08 4.5 Bap 180 13.0 
OQ Cephel sates ose: OY 3552 6r 38 Aly Bap 200 9.0 
TaD AT RARG cr evens 22° 10.3 +54 47 8.2 Ba 1000 15.0 


1tooo parsecs might perhaps tend to shake the suggestion made 
above, that the lines grow fainter for distances greater than 500 
parsecs. ‘Too much weight should not be attached to this single star, 
however, particularly because of the regional effects, but also be- 
cause of the uncertainty in spectral type. Mr. Joy suggests that the 
type is more nearly B3, which would reduce the distance to about 
750 parsecs. Uncertainty in the adopted absolute magnitude of 
—1.2 may easily bring this value down to 500 parsecs. 

The relation between spectral type and intensity can be inter- 
preted only as a real effect of stellar radiation or temperature. It 
cannot be due to the greater average distance of the more luminous 
early-type stars, since the same relation exists for the maximum 
intensities of each spectral subdivision. As we have seen before, 
these maximum intensities refer in all cases to very nearly the same 
distance, 500 parsecs. We are justified, therefore, in assuming that 
the figures in the last column of Table VIII are free from any effects 
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due to distance, and their progression with spectral type must be 
due to the stars themselves. 

Calcium lines in later spectral subdivisions of spectral type B.— 
Eddington’ has attached some importance to the spectroscopic 
binary 66 Eridani,? of type Bg, which at maximum separation of the 
two components should show a stationary detached line. No such 
line having an intensity more than 0.2 mag. below the continuous 
spectrum has been observed on any of our plates, a result verified 
by means of tracings obtained with the thermoelectric photometer. 

Other spectroscopic binaries of types Bs5—Ao, with large orbital 
velocities, have been observed by J. S. Plaskett.s The K line was 
measured in most of these stars, but no such abnormality as the 
appearance of an undisplaced line was recorded. Some of these 
stars are faint eclipsing variables at distances of the order of 300 
parsecs or more. These results support the view that the detached 
lines disappear rather abruptly at subdivision B3—another argu- 
ment in favor of the idea that the radiation of the stars influences the 
intensity of detached lines. 

In type B3, however, some stars (like 16 Lacertae*) have de- 
tached lines, while others (like 75 Orionis’) have stellar lines only. 
Various observers have suspected that in some stars detached lines 
and stellar lines occur simultaneously. The most reliable cases of 
this nature are o Aquilae’ and H.R. 8803,’ both of type B3. 

In order to find whether detached and stellar lines may coexist 
in stars of spectral type Bs, I obtained a number of spectrograms 
with the Bruce spectrograph of the binary 2 Lacertae, the orbit 
of which was worked out by R. H. Baker® without reference to the 


t Loc. cit. 

2. B. Frost and O. Struve, Astrophysical Journal, 60, 313, 1924. 

3 Publications of the Dominion Astrophysical Observatory, Victoria, 1, 138, 141, 145, 
IQIQ; 2, 142, 1922. 

40. Struve and N. Bobrovnikoff, Astrophysical Journal, 62, 139, 1925. 

5 This results from Mr. Lee’s original measures. See Astrophysical Journal, 64, 20, 
1926 (Remark 98). 

6 F.C. Jordan, Publications of the Allegheny Observatory, 3, 189, 1916. 

7S. L. Boothroyd, Publications of the Dominion Astrophysical Observatory, Victoria, 
Fi2ol, LO2T. 

8 Publications of the Allegheny Observatory, 1, 98, 1909. 
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calcium lines. The semi-amplitude of the velocity variation is 80.3 
km/sec. for the first component and 98.8 km/sec. for the other. On 
only one of my plates are the two components sufficiently separated, 
and on that plate the detached line is easily visible between the two 
stellar components. The spectral type, however, appears to be B3 
rather than Bs. He \ 4121 is appreciably stronger than Sz II 
» 4128 and d 4131. He dX 4471 is about twice as strong as Mg ) 4481. 
According to the specifications of Joy,’ such a star should be classi- 
fied as B3. 

The case of 2 Lacertae seems thus to prove that detached and 
stellar lines may coexist in stars of type B3. In later subdivisions, 


only stellar lines occur. 
TABLE X 


INTENSITY oF K AND Gatactic LATITUDE 


0 Bo Br B2 B3 
Gat. Lat. eee! aces (aaa (ise Cee ere (eres (en) real (Geman pecans neem bo py 
Mag.| No. |Int. | Mag.| No.| Int.; Mag.| No.| Int.] Mag.| No.| Int.] Mag.} No.| Int. 
Ee) ee ee B81 28 | ag] 6.0 | a 13.6] Bro | TS | etl sh 70| 30 1s. 3] Sek coda lea O 
(10 ~20 ) 4-5 8 | 3.4] 3.5 | 13 | 3-0} 2-0 SO Orr Sr) ee eB a Oal aoa) aes: 
oe Sere Perks renee ee 2.0 a1 ¥.ol 3.3 5.1 F.0bg es S153) aS Perens 
CRO SMD eae cs erase Se OEE weal coro Lectn cPanel Gee bakes lees 6.0 x | aol sex 7) 2.7 
(46 EO) Comes co.cc cine Lacuell pains letemelslaaaate saa 4.0 Z|) 3 1onexo: Zs|| 2xol- se Sul Wer 
tent POS ARSE, Rei ed erase (eam 3.0 wi LAE. hod Parveen) intr trcied (earsics | (ee tet 21.6.5] 50 ti} 2.0: 
KOO 9G We sisi eteiaree frorete tein Wartecal dil etn tece | slcarerast averercih coditte | tents lel ercterel cheers) aanioeeinsL steiceth crate 2.3 Sul. Tes 
EVO HBO) view states ca cap cern c | soe w/odf ete nha baa]. orpai| eyovtevall wevcerei| ate a.anel  abavioms | eternal lenretasel lrererare|| eee 5.0 r | 2.0 


Intensity and galactic latitude.—In order to investigate effects of 
galactic concentration I have taken the mean intensities for belts of 
10° width in galactic latitude. Table X shows the results for all 
stars subdivided according to spectral type. 

‘To make the data more homogeneous I have applied corrections 
to the mean intensities which reduce them to the same apparent 
magnitude, 5.0. The corrections were taken from the smooth curve 
in Figure 2, the average apparent magnitudes being given in Table 
X. On account of the scantiness of the data it seemed desirable to 
combine the different spectral subdivisions. I reduced all intensities 
to subdivision Bo by applying the following corrections for spec- 
tral type: O, —0.2; Bo, 0.0; Br, +0.4; Bz, +1.0; B3, +1.7. 

It should be noted that the corrections for magnitude and spec- 


*A. H. Joy, “Selected Physical Properties of Stars and Nebulae,” International 
Critical Tables, 1, 384, 1926. 
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tral type were derived from all stars, without respect to galactic 
latitude. But since nearly 85 per cent of our stars lie within 20° 
from the Milky Way, possible effects of galactic latitude upon the 
corrections can here be neglected. 

The final results, reduced to apparent magnitude 5.0 and to 
spectral type Bo, are shown in Table XI. 

The values indicate that the lines are strongest in a belt of 20° 
along the galactic circle and that they are somewhat fainter in high 
latitudes. This would correspond to a slight galactic concentration 
of the calcium clouds. 

Since the inclination between the galactic plane and the central 
plane of the local cluster of helium stars is well marked in Figure 1, I 


TABLE XI 


INTENSITY AND GALACTIC LATITUDE 
FOR ALL STARS 


Gal. Lat. No. Mean Intensity 
EO LOn) eerste 184 ay 
(TOC) Rem cate 88 3-9 
(26°30) Sic seeernn ete 29 3.7 
(2Ot-5O0) ete reece 13 4.2 
Sul Gfekecle)) hleemsmoueue 7 Baa 


have constructed another diagram, assuming the central plane to 
be inclined by 14°, the co-ordinates of the pole in the new system be- 
ing a 11540™, 6 +27°. The effects due to galactic concentration re- 
main essentially the same. Regional effects may influence these 
results. The Cepheus and Orion regions both fall within 20° of the 
galactic circle, and their effects will partially balance each other. 
The data are not sufficient to investigate the existence of other 
regions of abnormal intensity. 

Intensities of detached calcium lines in double stars.—If regional 
effects are the most important factors in defining the intensity of a 
detached line, we should expect that the components of physically 
connected double stars, observed separately, would show similar 
intensities. With this end in view I selected all stars earlier than B5 
which are either known as double stars or may reasonably be sup- 
posed to be relatively near each other in space. 
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Table XII shows that the intensities of the components of double 
stars are practically identical. This holds for a range in intensity of 
from about o (for 50 ¢ Orionis) to 6 (for \ and ¢’ Orionis). It will 
also be seen that neither a difference of 3.6 mag. in the brightness 
of the components nor a difference of 0.3 spectral class has the least 
influence upon the intensity of detached K. This probably means 
that in double stars the two components act as one body with re- 
spect to the calcium gas. In other words, absorption takes place 


TABLE XII 


INTENSITY OF DETACHED K In DousLe Stars 


Star a Igoo 5 1900 Sp. Mag. Int. 

ED 25638 see ton os aie 3hsgmz +62° 04’ Bo 6.8 3 
ERDF 28620 2 pein roree attains FaSOar +62 04 Bo 6.8 3 
7 ee OTIOUIS ote rele eran see TS eee + 9 25 Bo 4.5 5 
40 *\ Orlonis br ena. ae 5 29.6 ap Oky: 08 B07, 6 
26° NOTIONIE ht sy aaaee 5 20.6 + 9 52 Br Sas 6 
6 Orionis prec......... 5 30.4 — § 27 O 6.8 I 

A218? OTIONIE! eas eo eats sp lenis — 5 28 O8 Bae, 2 
AtA OTIONIS 0 Sects nae BEBO. — § 27 O7 5.4 2 
AA ORION os ra ale re 5 30.5 — 5 50 O08 2.9 2 
{50 < OTIONIS DE et oe cas eis — 200 Bo 2.0 I 
BO wr OMIONIS tt eran eee CeCey, — 200 Bo 4.0 ° 
8° 6 Scorpi: brea eee I5 59.6 —I9 32 Br 294 2 
InSiBeESCOIDL Th... eee 15 59.6 —I0 32 Br 4.8 2 
ESL TV OOS Een a hints 18 22.4 +26 23 B3 On 4 
ELLE L7OUTE ay cent one ee 18 22.7 +26 23 B3 O72 3 


within a sphere the radius of which is large compared with the dis- 
tance of the two components. Obviously, this result does not per- 
mit discrimination between the hypotheses of Eddington and of 
Plaskett; but it fixes a lower limit for the distance at which the 
radiation of an early-type star can produce absorption of the de- 
tached type. In the case of the two components of  Orionis, for 
example, the angular separation is nearly 5”. The distance of this 
star from the sun, computed from spectral type and spectroscopic 
absolute magnitude, is 250 parsecs. The separation of the two com- 
ponents is, accordingly, of the order of 1000 astronomical units. We 


86 


INTERSTELLAR CALCIUM 25 


may tentatively assume that the effective reach of stellar radiation 
in producing detached absorption lines is at least ten times larger— 
of the order of 10,000 astronomical units, or one-twentieth of a 
parsec. 
Il. A CALCIUM CLOUD IN CEPHEUS 

Radial velocities —Table XIII gives the radial velocities sepa- 
rately for each plate for the 36 stars in the Cepheus region. The 
velocities from stellar and 
detached calcium lines are 
given in separate columns. 
The results are summa- 
rized in Table XIV, which, 
in addition to the mean 
velocities derived from the 
data in Table XIII, also 
gives the radial compo- 
nents of the solar motion 
computed from a=270’, 
5= +30°, V=20.0km/sec. 
No correction was made 
for a K-term. The ninth 
and tenth columns of 
Table XIV give the resid- 
ual radial velocities for 
the stars and the calcium 


cloud. The eleventh indi- Fic. 4.—Map of region in Cepheus. The dots 
cates the intensity of the indicate the positions of all stars earlier than 

A Bs which have been observed at Mount Wilson. 
detached K line, as deter- The shaded areas indicate regions of obscuration 
mined at Mount Wilson of greater or less density. The broken lines show 


and YerkesObservatories. the two regions in which star counts have been 
made. 


The number of spec- 
trograms per star is admittedly too small to permit of a complete 
discussion. The probable error of one Yerkes plate is +9 km/sec. 
The Mount Wilson plates were all measured twice, and their prob- 
able error is estimated to be about +3 km/sec. In view of the scanti- 
ness of the material on velocities, nothing more than suggestions can 
be made concerning systematic motions. 
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TABLE XIII 


RADIAL VELOCITIES OF 36 STARS IN CEPHEUS REGION 
oe 0S$—0—6—@(00090 qq \<WOoor 


RapIAL VELOCITY 


MEAs. 
STAR By DATE 
Star 

H.D. 200857.... S 1926 June 29.260 | — 35.4 
S 1926 Sept.15.200 | — 31.2 
BOSS S 45300 ewes YO | r904 Apr. 15.906 | — 14.8 
YO | 1904 Nov. 25.494 | — 20.1 
YO | toos Apr. 7.031 | — 14.7 
YO | ro1r8 July 1.777 | — 10.0 
S 1926 June 28.2090 | — 7.4 
ELD 2O0Z025 a e/o | MCL Were -a.araretaral etelcierramnrscs — 17.2 
H.D. 203374.... 5 to2t Nov. 19.667 | — 6.8 
iS) 1926 June 28.338 | + 18.3 
6 Cophety cierccn > YO | 1905 May 8.854 | — 14.9 
YO | 1924 Aug. 9.662 | — 25.0 
YO | 1924 Aug. 11.680 | — 41.1 
S 1926 June 30.248 | — 48.5 
H.D. 204116.... S 1926 June 29.444 | — 5.0 
S 1926 Aug. 23.558 | — 40.2 
H.D. 204150....| S 1926 Aug. 23.199 | — 36.7 
6 Cephei....... NO Al cmeemaaniemmac ee ers — 9g.1 
5 1926 July 24.337 | + 12.0 
ORR RESO Sa S 1914 Oct. 4.736 | — 16.5 
MtW | 1017 July 4.063 | — 9.9 
MtW | 1017 Sept. 7.8901 |] — 4.5 
FS) 1926 June 30.267 | — 18.0 
H.D. 205196.... S 1926 June 30.322 | — 20.4 
S 1926 July 22.244 | — 21.5 
OD CODUO a5 ca. YO | 1909 Aug. 6.894 | — 10.2 
YO | 1909 Aug. 16.715 | — 16.5 
YO | 1909 Sept. 10.657 | — 17.2 
YO | 1909 Oct. 25.633 | — 9.0 
5 1926 June 30.433 | — 16.2 
S 1926 July 10.292 | — 5.0 
S 1926 July 16.131 | — 8.6 
S 1926 July 23.384 | — 12.9 
Boss 5565....... YO | 1906 Sept. 24.676 | — 24.1 
S 1926 June 30.457 | —113.6 
H.D. 206327.... S 1926 Aug. 21.426 | — 37.1 


(—62. 


REMARKS 


* Few, fair; Ca v. poor, faint 


* Many v.g.; Ca fair 


* Good; Ca v.g.; sp. triple; 
orbit: Sanford (ASP, 38, 
262, 1926) 


* V. few; Ca fairly strong; 
hydrogen lines show emis- 
sion in B ‘and y; Hé and 
He are absent; Mg 4481 is 
indistinct; absence of He 
makes CaH stand out 
very distinctly 


* Few poor; Ca poor; sp. bin. 
Bright lines give —9.2 
Bright lines give +2.0 


* Many fair; Ca weak; prob- 
ably sp. bin. 


* Few fair; Ca faint 


* Many v. g.; Ca absent or 
extremely faint; sp. bin.; 
velocity of system from 
many Yerkes plates 


* Many fair; Ca fair 


* Many good; Ca v. faint or 
absent 


* Many good; Ca good 


* Few poor; Ca v.g.; sp. bin.; 
velocity of system, accord- 
ing to J. S. Plaskett, is 
—1.0km/sec.; Ca gives 
—18.5 km/sec. 


* Many good; Ca faint 


SE ee SE es Be ee en 
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TABLE XI1Il—Continued 


STAR ee DATE eee OAT: REMARKS 
Star Ca 
80 mt Cygni..... VOM s1t003. Jubyix. 750, || — - Ssa deaseee ccs g * Few fair; Ca fair; sp. bin. 
ODiit003 Angs S710! |) 754 ewes. cas f 
VO: | z003)-Sept. 18605 | = F.7. Vodwewse at g 
YO | ro06-Sept. r0.707 | — 17.6 |.... 22008 g 
YO | rorz Aug. 18.684 | — 25.1 | —25.6 V.g. 
YO | rozz Aug. 28.658 | — 31.2 | —38.2 g 
HD. 206773....] S rozt Sept.22.752°| — 2.0 |......0.< f * Few v. poor; Ca v. faint 
=, 1924 June 10.965 | — 3.6] —16.r g and diffuse 
S 1926 June 28.404 | — 40.7 | — 9.4 g 
S 1926 July 23.219 | — 24.6 | —26.0 g 
H.D. 207198 S 1926 June 30.488 | — 24.0] — 9.8 g * Many good; Ca v.g. 
H.D. 207308 S 1926 July 22.367 | — 25.8 | —28.0 g * Few v. poor; Ca v. broad 
HDs 2073209....| S 1926 July 24.403 | — 66.0 | —21.6 f * Few fair; Ca fair 
H.D. 207538.... S 1926 July 23.457 | — 12.6 | —13.2 g * Many good; Ca fair 
Ss 1926 Sept. 16.306 | — 14.2 | —26.4 g 
H.D. 207793....| S 1926 June 30.3904 | — 57.8 | —16.4 g * Few v. poor; Ca v.g. 
H.D. 208095...:] YO | rox3 Aug. 1.752 | + 80.2 |......... f * Few fair; Ca absent; sp. 
VO" |-ro24-Dec, 9.628 | + 2D |iiscsecies g bin.; sp. type Bs 
YO | r024 Dec. 22.504 | — 4.6 |......00% p 
S 1920 July 23°169 | — 33:6 |.ccvssces g 
H.D. 208106.... S 1926 Aug. 23.307 | — 23.7 | —10.2 g * Few poor; Ca good 
H.D. 208185....| S 1926 Aug. 22.349 | — 16.0 |(—36.8) f * Many good; Ca poor 
H.D. 208218....| S 1926 Aug. 22.156 | — 22.1 | — 9.4 g * Many good; Ca v. faint 
H.D. 208392....| S 1926 Aug. 22.484 | — 14.2 | — 8.8 g * Few v. poor; Ca v.g. 
S 1926 Sept.16.158 | — 31.1 | —12.2 gz 
Boss 5642...... S 1922 Aug. 5.900 | —113.5 |(—22.7) g * Few poor; Ca v.g.; sp. bin.; 
MtW | 1923 Aug. 18.812 | + 73.8 |......... g on Aug. 5, 1922, a second 
MtW | 1923 Sept. 20.799 | + 12.4 |......--- g component was measured 
MtW | 1923 Oct. 22.640 | + 18.1 |(—30.0) g at +49.2 km/sec.; mean 
MtW | 1923 Nov. 20.606 | — 27.0 |(+ 8.0) g velocity as measured by 
S 1926 July 22.455 | — 21.2 | — 7.6 g Plaskett, —16.5 km/sec. 
S) 1926 Sept. 15.123 | — 28.8 | — 9.0 g Ca —17.0 km/sec. 
H.D. 208904....| S$ 1926 July 23.3590 | — 17.1 | —20.7 g * Few fair; Ca good but faint 
H.D. 208905.... S 1926 Aug. 22.218 | — 10.4 |(+38.3) g * Few fair; Ca v. faint 
H.D. 208947.... S 1926 July 23.275 | — 17.6 | —19.6 zg * Few fair; Ca good 
H.D. 209339....| MtW | zor2 Aug. 4.908 | — 16.0 |......... i * Few fair; Ca good 
MtW | rozr2 Dec. 18.610 | — 19.0 |........- g 
MtW | 1013 Aug. 12.988 | — 28.7 |(—42.2) g 
S tgo1g Aug. 16.848 | — 4.3 | —12.5 f 
S 1926 July 24.490 | — 23.4 | — 7.6 f 
14 Cephei...... S 1922 June 16.765 | + 10.3 | —12.9 v.g. | * Few v. poor; Ca v.g. 
iS) 1922 July 3.704 | — 16.4 |(—42.6) f 
Ss 1926 June 24.267 | + 22.9 |......... p 
S 1926 Aug. 8.385 | + 22.7 |(— 5.6) f 
H.D. 209961 S 19026 Sept.16.240 | — 11.6 | — 1.8 g nae goed Ca good; sp. 
«5 velocity of system, 


according to R. K. Young, 
is —17.8 km/sec. Ca, 
+1.5 km/sec. 
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TABLE XIIl—Continued 
— nS 


RapIAL VELOCITY 
STAR MEas. DATE SS Ctrl, REMARKS 
By 
Star Ca 
Cepek: 5.3: YO | rox3 June 27.869 | — 15.0 J.csewenes g * Many fair; Ca good; sp. 

cis YO ss TFuly: 9.8530) = 97-6" [tenets p bin.; Plaskett gives for 
YO) | rors Sept... %-8o8 0!) — FO. Ti leacatetsere p radial velocity —10.9 
YO | xr920 June 25.844 | — 43.0 |......... f sec. Ca, —12.8 km/sce. 
YO | 1920 July 23.801 | — 30.0 |......... f 
Ss 1923 Aug. 19.729 | + 13.1 | — 5.2 g 
S 1923 Aug. 19.729 | + 13.1 | — 5.2 g 

H.D. 210809.... S 1926 Sept.15.362 | — 81.4 | —20.7 g * Many good; Ca good 

A Cephels ss. YO. | x9004 Oct. 28/606) |) —=—"SPSt eee g *Few v. poor; Ca good; 
YO | 1904 Nov. 1.683 | — 93.5 |..-.--2-> g Plaskett gives for radial 
YO | 1908 Aug. 24.733 | — 62.3 |......... g velocity —73.6 km/sec. 
YO | zrox8 Sept. 13.625 | — 74.4 | —I2.1 f Ca, —14.4 km/sec. 

H.D. 212044.... S 1921 Nov. 20.663 | — 3.1 | —14.6 g * Few poor; Ca good 
NS 1924 July 17.970 | + 1.9] —14.0 g ; 

H.D. 212222.... S 1926 Sept. 16.300 | — 24.6 | —14.4 g * Few good; Ca good 

HD. 212455.... S 1926 Aug. 23.427 | — 54.7 | —13.5 g * Few poor; Ca v.g. 


NOTE TO TABLE XIII 


In the second column my own measures are indicated by the letter ‘‘S”; “MtW” denotes measures by 
various Mount Wilson observers, and “YO” stands for earlier Yerkes measures. The date is given in 
Greenwich Civil Time, except for plates taken before January 1, 1925, for which Greenwich Mean Time is 
given. The velocities from the calcium lines were not used in forming the mean velocity of the star. Meas- 
ures which for any reason seemed to be unreliable are in parentheses and were not used in the discussion. 
Remarks in the last column concern the character of stellar (*) and calcium (Ca) lines. 


The velocities of the stars in the Cepheus region do not exhibit 
any very striking systematic effects (Fig. 5). It is quite possible that 
some of these stars are in reality spectroscopic binaries. It need not 
surprise us, therefore, that the two stars H.D. 207329 and H.D. 
207793 show large negative velocities. Remarks are added to Table 
XIII concerning a few stars, definitely known or suspected to be 
spectroscopic binaries. 

The calcium velocities differ in many cases very considerably 
from the stellar velocities. In general, the residual velocities from 
the calcium lines are small. This supports Plaskett’s earlier result 
that the calcium clouds have small velocities with respect to the 
stellar system. Between declinations +50° and +60°, negative values 
predominate, the mean residual velocity being —4.0 km/sec., with 
a probable error of +0.8 km/sec. North of declination + 60°, 
positive values are more frequent, while in the same region the 
stellar residual velocities are mostly negative. 
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Intensities of the detached K line in the Cepheus region—The in- 
tensities plotted in Figure 7 show, as previously mentioned, that the 
calcium lines are unusually strong in practically the whole Cepheus 


TABLE XIV 


SUMMARY OF RADIAL VELOCITIES 


; VEL. 
RapIAL VEL. rsaanee? Tx 
STAR a 1900 6 1900 Sp. | Mac. SuN TEN- 
SITY 
Star Ca Star Ca 
H.D. 200857....| 215 ro | +45°s51’ | Ba 7.0 |—33.3 |—24.6 |+15.0 |—18.3 |— 9.6 3 
BOBS SAS aeie nea 21 9.3 | +50 35 | Ba BES teed I ts Actas Meet pn) One Ky 
H.D. 203025..... 21 14.6 | +58 10 | B3 6.2 |—17.2 |—19.4 |+14.4 |— 2.8 |— 5.0 8 
H.D. 203374..... 21 16.7 | +61 25 | Bop 6.4 |+ 5.8 |—10.7 |+14.2 |+20.0 |— 5.5 6 
OsCephels is ssa. 21 17.3 | +64 27 | B3p 5.0 |—32.4 |—37.0 |+13.8 |—18.6 |—23.2 2 
H.D; 204176..... 2I 21.4 | +54 57 | Bo 7.7 |—22.6 |—16.0 |+14.3 |— 8.3 |— 1.7 2 
H.D. 204150..... 2I 21.6 | +60 23 | B3 7.4 |—36.7 |— 8.4 |+14.1 |—22.6 [+ 5.7 2 
8B Cephei........ 21 27.4 | +70 7 | Br Su [slOat |xstec com ae bn eek ro esr ° 
ROSA SERE oo. 21 28.3 | +60 1 | Bo 5.3 |—12.2 |—16.2 |+14.0 |+ 1.8 |— 2.2 6 
H.D. 205106..... 2x 28.6 | +57 4 | Bo UE NEG. |v ae suis TA Os l= 90) lowe sah 4 
Cepheliocss...6:. 2I 35.2 | +61 38 | Bap 4.7 |—-13.1 |—24.1 |+13.7 |+ 0.6 |—10.4 9 
Ca SEOS Cas S es. 2I 35.9 | +57 2 | Oes 5.6 |— 1.0 |—19.0 |+14.2 |+13.2 |— 4.8 7 
EID 2006271. 2t 36.3 | +6x 6 | Oes Bie uSBree: ka aawen +33.7 |—23.4 |....00- I 
80 m* Cygni..... 21 38.6 | +50 44 | B3 4.6 |—16.2 |—31r.9 |+14.0 |— 2.2 |—17.9 4 
H.D. 206773..... 21 39.3 | +57 17 | Bop 6.7 |—-17.5 |—17.2 |+13.6 |— 3.9 |— 3.6 4 
H.D. 207108..... 21 42.2 | +61 59 | Ba 5.8 |—24.0 |— 9.8 |+13.4 |—10.6 |+ 3.6 8 
H.D, 207308..... 2I 42.9 | +61 50 | Ba 7.7 |—25.8 |—28.0 |+13.4 |—12.4 |—14.6 4 
H.D, 207320.....+ 2I 43.1 | +5r 39 | Ba 7.3 |—66.0 |—21.6 |+13.9 |—52.1 |— 7.7 ° 
H.D. 207538..... 2I 44.6 | +59 14 | B3 6.9 |—13.4 |—19.8 |+13.3 |— 0.1 |— 6.5 2 
B.D. 2074703..... 2x 46.5 | +52 14 | Ba 6.4 ]—57.8 |—16.4 |+13.7 |—44.1 |— 2.7 6 
H.D. 208095..... 2r 48.8 | +55 20 | Bs BA [OLS fscerccs TBS [eaAns: [set aievele cl eveveretete 
H.D. 208106..... 21 48.9 | +61 27 | B3 7.9 |—23.7 |—10.2 |+13.3 |—10.4 [+ 3.1 7 
H.D. 208185..... 21 49.5 | +62 38 | B3 Wnt | EO COL asreaieeis FEZsE [= BiOobvvns noe 4 
H.D. 208218..... 21 49.7 | +62 13 | Br 6.5 |}—22.r J— 9.4 |+13.1 |— 9.0 |+ 3.7 5 
H.D. 208392..... 21 50.9 | +62 8 | B3 6.9 |—22.6 |—10.5 |+13.0 |— 9.6 |+ 2.5 8 
Boss 5642......+ 2I 52.9 | +64 52 | B2 5.7 |—12.3 |— 8.3 |+12.7 |+ 0.4 |+ 4.4 5 
H.D. 208904..... 21 54.3 | +65 9 | B3 7.4 |—-17.1 |—20.7 |+12.7 |— 4.4 |— 8.0 3 
H.D. 208905..... 2I 54.3 | +60 49 | B3 6.7 VFO. de seas +13.0 [++ 2.6 }.....+. 3 
sD, 2 ar 54.7 | +65 41 | B3 6.1 |—17.6 |—19.6 |+12.7 |— 4.9 |— 6.90 7 
2I 57.6 | +62 o| Bo 6.2 |—18.5 |=10.0 |+12.8 |— 5.7 |+ 2.8 6 
ar 58.7 [57 3r |) Bo Bes (te 0:0 | —%220) (1-250) [22.0 |-4=.0. 8 7 
22 2.0 | +47 45 | B3 6.0 |—17.8 |— 1.8 |+12.9 |— 4.9 |+11.1 7 
22 2.1 | +61 48 | Oes 5.2 |—14.6 |J— 5.2 |+12.7 |— 1.9 |+ 7.9 7 
22 7.9 | +51 56 | B2 7.5 |—81.4 |—20.7 |+12.6 |—68.8 |— 8.1 8 
22 8.1 | +58 56 | Od 5.2 |—70.3 |—12.1 |-+12.5 |—57.8 |+ 0.4 6 
22 16.4 | +51 21 | Bap 6.9 |— 0.6 |—14.3 |+12.4 |+11.8 |— 1.9 6 
22 17.6 | +41r 36 | B3 6.1 |—24.6 |—14.4 |+12.2 |—12.4 |— 2.2 3 
22 19.3 | +54 44 | Ba 8.2 |—54.7 |—13.5 |+12.2 |—42.5 |— 1.3 1s 


NOTE TO TABLE XIV 


For four spectroscopic binaries with determined orbits I have given the velocity of the system, as 
shown in Table XIII. The other radial velocities are the means of the observations listed in Table XIII. 


region. This suggests at once that no direct relation can exist be- 
tween calcium cloud and obscuring nebula. By grouping the stars 
into three classes, I find for 19 stars situated in regions where the 
stellar distribution is normal a mean intensity of 5.1 units; for 11 
stars in obscured regions, a mean intensity of 4.8; and for 8 stars in 
regions where the obscuring nebulae are especially dense, a mean of 
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Fic. 5.—Map of region in Cepheus showing Fic. 6.—Map of region in Cepheus showing 
the residual radial velocities of stars of spectral residual radial velocities from detached calcium 
type earlier than Bs. lines. 


22? 29m 


Fic. 7.—Map of region in Cepheus showing 
the intensities of detached calcium lines. One 
star was found to be of spectral type later than 
B3 and the corresponding intensity was omitted. 
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4.0. If there is any relationship at all, the obscured regions are corre- 
lated with relatively weak detached lines." 

Grouping the stars according to apparent magnitude makes it 
possible roughly to establish the distance at which the calcium lines 
appear particularly strong. Table XV gives the mean intensities. 

The comparatively large value in the last line is due to H.D. 
212455, which has an unusually strong K line (intensity 15). If this 
star were excluded, the last value would be 3.2. The lines appear to 


TABLE XV 


INTENSITY AND APPARENT MAGNITUDE 
IN CEPHEUS REGION 


App. Mag. No. of Stars Mean Int. 
BAe st sasaki che a: ato ues I 0.5 
AiR iene sastal sts ate san ae 2 6.5 
Oey nce. nih stone IS Ta Sec 
Way Monee nO PORE 13 5-4 
Fe TO eR ee apie 12 4.4 


be strongest, on the average, for apparent magnitude 5, which corre- 
sponds to a distance of about 250 parsecs. The figures indicate a 
small decline in intensity for the fainter stars. In any case, we are 
justified in assuming that the calcium cloud in Cepheus begins at a 
distance of about 250 parsecs. 

The obscuring nebula.—Although no very definite relation exists 
between the intensities of detached lines and the location of stars 
with respect to regions of obscuration, I have tried to estimate the 
distance of the dark nebula, for comparison with the distance found 
above for the calcium cloud. 

For this purpose I have made star-counts in two regions; one 
of 16.5 square degrees is situated in the galactic star cloud around 


tT have since made similar determinations for two other regions photographed by 
Professor F. E. Ross with long exposures. The results are as follows: 


ORION PERSEUS 
REGION SAC 4 een a a = a 
Av. Int. | No. Stars | Av. Int. | No. Stars 
Normals ettisa.ccle-caters 2.5 9 2.8 6 
COPSCUPRG ro a s00 eck 2.2 BF et ees Sone eee ee 
BE) Nebula ys Sgssies 2.2 17 3.2 7 
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a 2210", 6 +52°, while the other, including 19.8 square degrees, 
lies in a region of obscuration, around a 21"55™, 6 +58° (see Fig. 4). 
The counts were made separately for each spectral type, with the 
aid of the Draper Catalogue. For counting stars fainter than the 
eighth magnitude, I obtained a number of plates with different ex- 
posure times, using a wide-angle 2-inch lens and the ro-inch Cooke 
photographic telescope of the Mount Wilson Observatory. The 
limiting magnitudes were determined from similar exposures on 


TABLE XVI 


NUMBER OF STARS PER SQUARE DEGREE DOWN TO 
Every GIVEN MAGNITUDE 


oO, B A F G K, M 
App. Mac, 
I* LB Kf I I II I II I Il 

SE eT PETS Rae ee Se icicles. Onesie Fer mised lemicernay igs occ No bc 
Ai Ge Ve evn (Soieastes Re lac Sem are |eeatorss' yall Sess s¥Ses 4 [vespco. Svs cl pene wt | Ps Sumtote'| ec vah c+ | hemes | (Renee 
RBIs se ex | pearu tol vie | cca vad awa oof | ayers. i ed [ayes sauces | anette nce a heer [averse cays eaevatarainell eeemeeetene 
7 aA ol ORIG ICE) GGnncin| Gone rel bee aba rniceis ico.cal bier o arcersal loo onic 
RS Mee Fal Mere cdee GnER aheeaers OvOS) | serena ONO? [lecnniates | steric coat] acereteners 0.05 
oy gear k ae oe 4 .30 | 0.06 UOt orien ee EXO leet | gear oes 0.06 05 
VRaee 24 PBOAOse4 | OsdOy | vate: Tg | ana: 0.05 .06 10 
a 7s HOOsT Lngde | keer s|LOn20 Are | scat: .05 | 0.41 25 
OCR Ac .89 PO5)| 2. 20ilst. 07 .70 .65 | 0.18 TR AeY | eps 60 
Toss. . 89 O58 |3s4o. | 2.07 . 76 . 65 .18 Aogeb || ukgeeyl .95 
TEAR. 0.95 | 0.95 | 3.48 | 1.07 | 0.76 | 0:65 | 0.28. | 0.50 | 2.46) [0708 


* Region I is situated in the galactic star cloud, while Region II lies in an area of obscuration. 


Selected Area 18, the photographic magnitudes of the comparison 
stars having been supplied by Mr. Seares, and independently 
checked by means of Harvard magnitudes.’ Systematic differences 
between Mount Wilson and Harvard magnitudes can be neglected 
for the present purpose. On each plate I counted all stars down to 
the limiting magnitude, within the areas described. Table XVI gives 
the total number of stars per square degree brighter than each given 
magnitude, as counted from the Draper Catalogue. 

For types O, B, and A the effect of obscuration begins to be 
noticeable at apparent magnitude 8, while for F stars it begins at 
magnitude g. For the later types the effect lies below the limit for 
which the Draper Catalogue is complete. From the estimates made 


t Annals of the Harvard College Observatory, 101, 1918. 
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for types B, A, and F it appears that the distance of the nearer edge 
of the dark nebula is about 400 parsecs. 

From the star-counts made without respect to spectral type, I 
find numbers of stars (per square degree) brighter than each given 
apparent magnitude as shown in Table XVII. 

The values of log B,, are plotted in Figure 8. For the star cloud 
my values agree fairly well with those of Seares, Van Rhijn, Joyner, 


TABLE XVII 


NUMBER OF STARS PER SQUARE DEGREE 


REGION IN Mirxy Way REGION OF OBSCURATION 
App. Mac. a OS fe i ag |S aS) ae a ae ae oa Method 

By, log Byy Resid.* Be log By, Resid.* 
BMG ea Tans 0.00 —t. +0. 12 0.30 —o.52 | +0.60 | H.D. Cat. 
OOS ie ga «305 0.18 =O. 78 inte OL 0.35 —o.46 | + .30 | 2-inch 
OBR oe esi 0.24 | —o.62 | + .05 | 0.55 —o.26 | + .4r ||. 4.) Cat. 
Fis Aras era 0.24 —o.62 | — .36] 0.66 —o.18 | + .08 | 2-inch 
Ven he 0.54 —0.27 | — .05 1.20 | +0.08 | + .30 | H.D. Cat. 
SE See casies ©. 70 —0.15 | — .20 1.67 +o.22 | + .08 | 2-inch 
Sib Merete 2.65 +o.42]-+ .19 | 2.71 +0.43 | + .20 | H.D.Cat. 
OSbie meee. 1.82 +o.26 | — .41 Boeke +o.57 | — .10 | 2-inch 
TOnOsterene 2. a8 st St +1.15 .00 8.3 +o0.92 | — .23 | 2-inch 
TORO Wey chaos c 64.5 —+1.8r. | == .07 | 27-5 +-1.44 | — .30 | ro-inch 
TONS Sei accis)<tc IIo. a42704-| -+ .17 | 50.0 +1.77 | — .10 | 2-inch 
TOR OMe ok sors 07s +2.07 | + .07 | 65.8 +1.82 | — .18 | ro-inch 
TS iy sets eaten 210. S232) || 1. 238) OSe4 +1.98 | — .47 | ro-inch 
SINGS Peas rear 514. +2.71 | — .17 |260. +2.42 | — .46 | 10-inch 
Ley Serr are IIIO. —+-3.05 | —0. 17/508. +2.71 | —o.51 | 10-inch 


* The residuals give the differences between my values of log B,, and those of Seares, Van Rhijn, 
Joyner, es Richmond (Mt. Wilson Contr., No. 301; Astrophysical Journal, 62, 362, 1925 [Table XVII]; 
gal. lat., 0°). 


and Richmond.’ In the obscured region the number of bright stars 
is greater than normal. Table XVI shows that this is due almost 
entirely to the large number of B-type stars in this region. The 
effect of the cloud begins to be noticeable at about apparent magni- 
tude g.5 and reaches its full value at magnitude 11. Between magni- 
tudes 11 and 15 the two curves run parallel, with a displacement of 
about 1 mag. 

Assuming with Seares’ that the mean parallax of stars of appar- 
ent magnitude 9.5 is about 0o%003, I find the distance at which the 
obscuring nebula begins is 330 parsecs. 

t Mt. Wilson Contr., No. 301; Astrophysical Journal, 62, 362, 1925 (Table XVII). 

2 Mt. Wilson Contr., No. 281; Astrophysical Journal, 60, 59, 1924. 
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A greater distance, of 500-600 parsecs, is obtained from a Russell 
diagram of stars belonging to the open cluster around Boss 5565 
(a 21536™, 6 +57°). Lundmark* places this object at a distance of 
about 1000 parsecs. It is possible, however, that the magnitudes of 
the stars involved in the bright nebula are affected by obscuration. 

In any case, it seems certain that the obscuring masses lie farther 
away than the beginning of the calcium cloud. The existence of 


Log B 


Appt. 
5 7 9 11 13 15 17 Mag. 


Fic. 8.—Logarithm of the number of stars brighter than apparent magnitude m 
in the galactic star cloud (dots) and in the region of obscuration (open circles). 


strong detached lines in Boss 5565 and in other stars at distances of 
at least 500 parsecs suggests that the calcium cloud merges into the 
obscuring nebula. 

Since the region of strong calcium lines also extends over por- 
tions of the Milky Way where the distribution of stars is normal, we 
conclude that the calcium cloud is transparent, except, of course, for 
monochromatic radiation. 

It is perhaps significant that in Orion, as well as in Cepheus, the 
presence of nebulous matter seems to favor comparatively weak 
detached lines; the strongest lines occur in regions devoid of nebu- 


* Meddelanden frin Astronomiska Observatorium, Upsala, No. 12, 1926; Popular 
Astronomisk Tidskrift, Hafte 1, 1926. 
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lous matter. In both cases the calcium cloud merges into the nebula, 
and in Orion it partly coincides in space with the nebula. 


I. CONCLUSIONS 


The results given in this paper support the hypothesis that de- 
tached lines originate in interstellar clouds of calcium matter. This 
is evidenced by the radial velocities from the detached lines, which 
have no relation to the velocities of the stars; also by the increase 
in intensity for the hottest stars, which is contrary to the expected 
behavior of stellar lines of ionized calcium. The existence of regional 
effects, as well as of effects due to distance, also supports this hy- 
pothesis. 

The increase of intensity with distance was predicted by Ed- 
dington’s hypothesis, and found to exist for distances up to 500 par- 
secs from the sun. Quantitatively, the observed increase in intensity 
depends upon the calibration of the arbitrary scale. The lines nearly 
double in strength for a doubling of the distance. This is in fair 
agreement with Eddington’s deductions. 

On the other hand, the decrease in intensity for distances greater 
than 600 parsecs, if real, would be contrary to Eddington’s hypothe- 
sis. It will be interesting to obtain a larger amount of material for 
stars fainter than the seventh magnitude, which would settle this 
point definitely. 

In favor of Eddington is the fact that the detached lines occur 
in the vast majority of stars of spectral type not later than B3. 
Table V shows that in the galactic plane interstellar calcium may be 
observed at distances of over 1000 parsecs. In galactic latitudes 
greater than 30° the calcium lines appear to be a little fainter. Spec- 
troscopic parallaxes of the stars included in the last five lines of 
Table X show that in such directions interstellar calcium exists at 
distances of at least 150 parsecs. Since in the higher galactic lati- 
tudes B stars of distances greater than 150 parsecs are very infre- 
quent, we have no information concerning the distribution of inter- 
stellar calcium beyond this distance. The possibility that the cal- 
cium clouds are distributed in an oblate spheroid is, therefore, not 
excluded.t Nevertheless, the existence of detached lines in stars 


tT am indebted for this suggestion to Professor F. H. Seares. 
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situated far from the Milky Way and at distances of the order of 
over 150 parsecs suggests that the distribution of the calcium clouds 
in our stellar system differs essentially from the distribution of all 
other known types of nebulae. 

The sudden disappearance of the detached lines beyond spectral 
type B3 seems to me, however, to be fatal to Eddington’s hypothesis 
in its present form. All the information available at present indi- 
cates that detached K does not exist in subdivisions later than B3. 
The sudden drop in intensity begins at about B2, and seems to show 
that stellar radiation is a factor in determining the intensity of de- 
tached K. Perhaps Eddington’s hypothesis could be modified in 
such a way as to account for this effect. 

On the other hand, my results are not contrary to the original 
hypothesis of Plaskett. If absorption occurs only in the vicinity of 
hot stars enveloped in calcium clouds, the effect of spectral type is 
at once explained. The effect of distance requires only that we as- 
sume a greater concentration of calcium clouds near the boundaries 
of the local cluster of helium stars. Under such conditions the 
probability of a star being enveloped in a dense cloud increases with 
distance. The same thing is probably true for dark and bright 
galactic nebulae, and therefore need not surprise us. Neither would 
it be surprising if the clouds should be less dense beyond the bound- 
aries of the local cluster. Stars situated at distances greater than 
600 parsecs would again have a small chance of being enveloped in 
a calcium cloud—and the mean intensity will thus be smaller. This 
hinges, of course, on the assumption that ionization and absorption 
are limited to a shell around the star and that all other intervening 
calcium masses are left in a state in which they do not appreciably 
absorb the light of the star. 

Present observational material does not make it possible to 
accept definitely either hypothesis. It is therefore advisable to 
accept the effects due to distance, spectral type, region in the sky, 
etc., as properties of the calcium clouds without, at present, at- 
tempting to specify the physical explanation. 


I am greatly indebted to Director W. S. Adams for his kindness 
in granting me the use of the 60-inch reflector and other instru- 
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ments of the Mount Wilson Observatory. To him, as well as to 
Directors E. B. Frost, J. S. Plaskett, and R. G. Aitken, I am also 
indebted for generous permission to use earlier spectrograms taken 
by themselves or by their associates. Grateful acknowledgment is 
likewise made to members of the staff of the Mount Wilson Observa- 
tory for material and helpful suggestions relating to the investiga- 
tion. The reductions were made in part by Miss M. Wiberg and 
Miss M. Fretz at Mount Wilson, and by Miss L. D. Cable and 
Madame L. Struve at the Yerkes Observatory. The investigation 
was carried out under a grant from the International Education 
Board of New York. 


YERKES OBSERVATORY 
January 1927 


NOTE ADDED APRIL 14 

Since this paper was written Miss Payne and Mr. Hogg at the Harvard 
College Observatory have undertaken the determination of the intensity of K on 
a spectrogram of Sirius taken at the Yerkes Observatory. Their value is about 
0.6 mag., while my estimate would be about 8 units or 0.8 mag. Similarly, their 
value for Vega would be 0.75 mag., while I have used 1.0 mag. The differences 
are not large and are fully discussed by Miss Payne and Mr. Hogg (Harvard Col- 
lege Observatory Circular, No. 304, in press). The authors also discuss the differ- 
ence in the results between slit spectrographs and objective-prism instruments, 
for narrow lines. For further details the reader is referred to the original publica- 
tion. I have the impression that the order of magnitude of my estimates is cor- 
rect, but it is possible that they should be reduced by something like 20 or 25 per 
cent. Iam obliged to Miss Payne for having communicated to me her results in 
advance of publication. 
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THE MOTIONS OF GIANT M STARS 
By GUSTAF STROMBERG 


ABSTRACT 


The velocities of 278 giant M stars have been computed from the proper motions, 
radial velocities, and spectroscopic parallaxes, and projected on three fundamental 
axes, x, y, and z. The x-axis is the axis of preferential motion, and the y-axis is the axis 
of asymmetry; the z-axis is nearly perpendicular to the galactic plane. The velocities 
are referred to the sun as origin. 

Formulae for computing the effect of errors in absolute magnitude, proper motion, 
and radial velocity upon the velocity distribution are derived (par. 3). These formulae 
are applicable to any form of continuous distribution function for the velocities, pro- 
vided the errors are small. 

The distribution of the apparent velocity components (i.e., computed without regard 
to errors) 79, for intervals of 5 km/sec., is shown in Table I. The computed numbers 1c 
are derived by integration from analytical distribution functions for the true velocities, 
to the results of which the effect of the errors is added. 

The distribution of the «-components (par. 4) is well represented by a normal 
error-curve. It has much larger dispersion than the distribution of the y- and z-com- 
ponents, but, nevertheless, shows no trace of Kapteyn’s two streams. The true axis of 
preferential motion for these stars is perpendicular to the axis of asymmetry. The dis- 
tribution of the y-components (par. 5) can be well represented by a function of the type: 
Aexp[ Sen pae i p(y—c)]. The value for the asymmetry constant, p= +-0.0206 sec. /km, 
is in good agreement with that found for cosmical objects in general, as is also the value 
of the constant c=—g9.0 km/sec. No trace of any discontinuity can be found in this 
distribution. The distribution of the z-components (par. 6) is represented by an error 
function with a large positive excess. Graphical representations of the apparent distribu- 
tion curves and of the effects of errors are shown in Figs. 1, 2, and 3 by full-drawn curves. 
For comparison the diagrams also show the observed numbers of velocities within uni- 
form intervals. The dotted curves are representations of the same data based upon dis- 
tribution functions computed by the method of moments. This method gives a poor 
representation for the y- and z-components. 

The two-dimensional distribution (par. 7) in the galactic plane can be well repre- 
sented by a product of the distributions along the «- and y-axes. This representation 
is shown in Table II, where the upper figures are computed numbers and the lower 
figures observed numbers. No trace of any discontinuity is indicated; in particular, the 
high velocities are as well represented as the low velocities. A similar representation is 
possible for the velocities in the «z- and yz-planes, respectively, which indicates that 
the velocity components projected on the principal axes are independent of one another. 

The velocity components for the “limiting center” are given in par. 8, and the 
sun’s velocity relative to the group of stars studied in par. 9. 

Some points in connection with the nature of the general asymmetry in stellar 
motions are discussed (par. 10); in particular, the continuous nature of the asymmetry 
is emphasized, in contradistinction to another representation of the same phenomenon 
advocated by Oort. The possible physical nature of the asymmetry as suggested by the 
writer, by Oort, and by Lindblad, is briefly discussed. 


1. Different classes of stellar objects show differences both in 
group motion and velocity dispersion, and it is for this reason im- 
portant to study the motions of homogeneous groups of objects. In 
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particular, it is of importance to study groups of objects which are 
not selected on any basis directly correlated with motion. Stars 
selected on the basis of large proper motion are often included in 
studies of radial velocities, and, since the dispersion in linear tan- 
gential motion and in radial velocity are correlated, the dispersion 
in the radial velocity is affected by the selection. The effect is even 
larger and more complicated when three-dimensional motions are 
studied. In the determination of the asymmetry in stellar motions 
it is of particular interest to study a homogeneous group of objects 
having comparatively large velocity dispersion, and the giant M 
stars seem to be particularly suited to this purpose. 

2. In Mount Wilson Contribution No. 319,1 Adams, Joy, and 
Humason have published absolute magnitudes of practically all 
known M stars brighter than apparent magnitude 6.0 and north of 
declination —30°. All of these stars are giants, and were selected 
on the basis of spectral type and apparent brightness alone. The 
writer has derived the reduction curves for these stars and also the 
probable errors in the absolute magnitudes.? A large number of the 
radial velocities have been determined at the Lick Observatory and 
the rest at the Mount Wilson Observatory. The three velocity com- 
ponents of these stars have been computed from the radial velocities, 
parallaxes, and proper motions, the latter being taken from Boss’s 
Catalogue. The result of this study is given in the following pages. 

The formulae used for computing space velocities have been 
published in Contribution No. 245.3 The absolute magnitudes were 
taken without any correction from Contribution No. 319. The 
proper motions have been corrected for the systematic errors in right 
ascension as given in Boss’s Catalogue, page xxviii. To the proper 
motions in declination, H. Raymond’s‘ corrections were applied. 
One of the principal objects being to study the asymmetry in the 
velocity distribution, the velocities were projected on three axes, 
one of which was parallel to the asymmetry axis as determined in 
Contribution No. 293,5 while the others were in a plane perpendicular 

Astrophysical Journal, 64, 225, 1926. 

2 Mt. Wilson Contr., No. 327; Astrophysical Journal, 65, 108, 1927. 

3 Astrophysical Journal, 56, 265, 1922. 

4 Astronomical Journal, 36, 129, 1926. 5 Astrophysical Journal, 61, 379, 1925. 
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to this axis with the x-axis in the galactic plane. The right ascension 
and declination (a, 5), and the galactic longitude and latitude 
(1, 6), of the three axes are: 


Axis a 6 1 b 
BE eg Pia ah eth 265°7 | —24°9 |-~332°5 ofo 
A euacaaiel Sisters 2 300.8 | +-57.1 6x75 | + 9.0 
Dinettes oneal oge df} 20.0 2AT.5' --81.0 


The y-axis is the axis of asymmetry; the x-axis is nearly parallel to 
the direction of stream motion; and the z-axis is nearly perpendicular 
to the galactic plane. The longitudes and latitudes are referred to 
the standard galaxy, the pole of which has the co-ordinates a= 190°, 
§6=+28°. 

3. The computed velocities are affected by errors in the absolute 
magnitudes, proper motions, and radial velocities. The effect of 
errors in the absolute magnitudes has been studied by J. H. Oort* 
on the assumption that the true velocity distribution is a normal 
error function. In the present case we need expressions for the effect 
of all three classes of errors, without making any particular assump- 
tion as to the form of the true frequency function of the velocities; 
and we also need expressions for the effect of errors integrated over 
arbitrary intervals. 

We will assume that the errors A in the adopted absolute magni- 
tudes M are distributed according to a normal error-curve around a 
zero value. The same will be assumed for the errors ¢ and » in the 
proper-motion components yu and the radial velocities V. Denoting 
true values by subscripts, we have 


M,=M-+A; Mi=pute ; Vi=V+>. (1) 
For the parallaxes p we have 
pr= p10°*4= per 
(2) 


5 Oreo 6 
aa A pee O5. 


1 Groningen Publications, No. 40, p. 17, 1926. 


103 ad 


4 GUSTAF STROMBERG 


Projecting the proper motions upon an arbitrary axis x perpendicular 
to the line of sight, we have for the linear motion along this axis the 


expression 
Rb _ k k(ute) = €) e~A= = 


br p (e+e)e4, (3) 


= 
where k=4.738 kmXyear/sec., and e¢’ is the error in the proper- 
motion component converted into km/sec. The distribution func- 
tion of the errors A and ¢ are supposed to have the moduli / and /y. 
Let F,(x,) be the frequency function of the true velocities projected 
on a certain axis. The frequency function F(x) of the apparent 
tangential velocity components (i.e., computed without regard to 
the effect of errors) is then found from the equation 


F(x)dx= ”F; (re — Ved A de Oni (4) 


A,e=—0O 


where x; has the value given in equation (3). We have 


dA de dx,=e~% dA de dx . 


Putting 

hA=2 
and 

fe, 

2h B ’ 
we find 


dx h, 2 ape ss, Yay 5} / 
F(x)dx=—— ef e218 — hie’ Fe (x-+-e!)e*]dz de. (5) 


As will appear later, the quantities 8 and e’, the latter being ex- 
pressed in units equal to the dispersion in #, are small quantities, 
and we can develop the function /, under the integration sign in a 
power series, limiting ourselves to quantities of the second order in 
6B and e’. We derive thus 


a alia ae 


F,[(a+e')e7?] = Fi(x) re a — afax% 2 dx? 


(6) 


|. , oF; 
thats ee A 
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From equation (5) we now find 


he dF, 
opi ax; ” 


dF, @F, 
F(x) = F,(x)+6?| Fr(x) +32 =“+a2 —S |+ (7) 
dx; ax 
The quantity 8 is connected with the dispersion 7 in the absolute 
magnitudes by the equation 
qr 
B=—-. 
V2 

For the particular case that F,(#) is a normal error function and 
€ =o, we may derive Oort’s expression from equation (7). 

The effect of the errors v in the radial velocities can be found in 
exactly the same way as in the case of e’. If we assume that the dis- 
persion in the errors is small as compared with that in the velocities, 
we find the effect of these errors to be 
Y @F, (8) 


U = 
E! (x)dx= or 


The errors in the velocities projected on a fixed axis x are the 
combined effect of errors in tangential and radial motions. For a 
uniform distribution of the stars over the sky, or over one hemi- 
sphere, we can find the total effect by multiplying equations (7) and 
(8) by 2:3 and 1:3, respectively. The total effect of the errors in 
absolute magnitude, proper motion, and radial velocity is thus 


dF, , ,@F:| T&F, 
E(x)dx= la{F AT 8 get ae V2 dx |e 


A (9) 


In this equation we may replace #? by the mean of the squares of the 
assumed parallaxes. The velocities x must here be referred to the 
sun as origin. 

The function F(x)dx=F,(a)dx+E(«)dx can be integrated over 
finite intervals and compared with the observed distribution. Such 
expressions will later be derived for three types of distribution 
functions. In the case of a normal error-curve the last term in the 
expression for E(«) in equation (g) may be dropped and replaced by 
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an increase in the square of the dispersion by an amount equal to 7”. 
Although this rule is also applicable to more complex forms of dis- 
tribution functions, the dispersion will not in these cases be used as 
one of the constants of the distribution law. 

The value used for the mean error 7 in the absolute magnitudes 
is -+o.75, based upon a probable error +0.5 derived in Contribution 
No. 327. This may be regarded as a mean value for the giants and 
supergiants. We have thus a=o.0398. The mean error in the proper- 
motion components has been assumed to be +0"005, and that in 
the radial velocities -+3.0 km/sec. The value found for the square 
root of p? is o%0071. We have thus T =3.22 km/sec., which is small 
compared to the dispersion in velocity; the expansion is conse- 
quently valid. 7 

4. A total number of 278 stars was studied. No difference could 
be found in the motions of the giants and supergiants, and they were 
consequently studied together. 

The distribution of the velocities projected on the x-axis showed, 
when plotted, a great resemblance to a normal error-curve. ‘The 
apparent distribution was first represented with the aid of the 
method of moments. This method has been developed and ex- 
tensively used by Charlier and his co-workers at the Lund Observa- 
tory. Analytically it is very beautiful, but has the disadvantage of 
giving stars of high velocity much higher weight than those of the 
smaller velocities. Although the distribution function represents the 
moments exactly, it does not follow that it is the best representation 
for the actual distribution which can be obtained with the same num- 
ber of parameters. The formulae used in this method are given below. 

The distribution is all by the function 


FO=0+Biget Bagg, e= mete, re (10) 


The dispersion is here represented by o and the mean by ¢. It is 
customary to limit one’s self to moments of the fourth order. De- 
noting the moments of order by v,, the moments are defined by the 


expression 
+o 
Dao” f e"F(E)dE , 
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which is the analytical expression for the mean of the zth power of 
the differences «—c. In the numerical computation of the moments, 
we use the expression 


Vn=(x—c)". 


It is obvious that the moments of high order are extremely un- 
certain, being greatly affected by a few large values. The co- 
efficients 8, and 8, represent the skewness and the excess of the dis- 
tribution, respectively, and are connected with the moments of 
third and fourth order by the expressions 


nee ae ee Ee el poe 
B3= 603 ? B, = (2 3) id (11) 
The skewness S and the excess £ are defined by the equations 
S=36,; H=38,. (12) 


Tables for #(£), d’¢/dé&, and d1¢/dé4 have been published by C. V. L. 
Charlier,’ which greatly facilitate the computation of the distribu- 
tion from the constants. 

For the distribution of the apparent velocities projected on the 
x-axis, I find from the moments 


c=— 9.19 km/sec. S=+0.028 \ en 


o= 31.34 km/sec. E=-+0.202 


Figure 1 shows the frequency curve based on these constants as a 
dotted curve, together with the observed numbers of velocities in 
intervals of 5 km/sec. The representation by the use of moments is 
in this case very good. 

Since the positive excess thus found might possibly be entirely 
due to the errors in the velocities, an attempt was made to represent 
the true distribution by a normal error-curve. For this the constants 
were determined from the distribution itself according to a method 
similar to that used in Contribution No. 245,? which involves the 
determination of approximate values of the constants, subsequently 

t Vorlesungen tiber die Grundziige der Mathematischen Statistik. Lund, Verlag Sci- 
entia, 1920. 

2 Astrophysical Journal, 56, 265, 1922. 


107 ~ 


8 GUSTAF STROMBERG 


corrected by means of the differences between computed and ob- 
served numbers of velocities between different limits. The intervals, 
ten in number, were so chosen that they included approximately 
equal numbers of velocities, the equations of condition then being 
given equal weights. 

The assumed frequency function for the apparent velocities is 


F@)de= e—~a-dyt- E(x)dx , (14) 
oe Tk 
where NV is the number of stars and (x) has the value given in equa- 


tion (9). 
Integrating between the limits x, and «,, we find 


pee if : F(e)dr= NO [Doo-t bls-+ bapa Os] 
xy Tv 


t, 
ont f etat; t=h(%—6) ; t=h(x,—¢) 
ty 


Ve (15) 
Wr=hei#—te—4 
b=—ake ; b.=4a he 
by=a(—1+2hc?)+T2h? ; b,=2a 
The expressions for the derivatives are 
dne__ Ny , de _Nh 
hag ae oe 


and the equations of condition for the correction of the constants are 


dn, dM, _ 


No — Ne > 
where ”, and m, are the observed and computed numbers of veloci- 
ties, respectively, lying between the limits x, and «,. 

The following values and probable errors for the mean c and the 
dispersion o for the true velocity distribution were thus derived: 


c= —8.78+0.68 km/sec. 
(17) 


ee = 27.58+0.55 km/sec. 
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The apparent distribution, that is, the true distribution plus the 
effect of the errors, is shown as a continuous curve in Figure 1. The 
effect of the errors is shown as another continuous curve near the 
axis of the abscissae. The numerical values are given in Table I. 

The representation of the observed data is perfectly satisfactory, 
and no excess is now found for the true distribution. In fact, the 
excess for the true distribution was actually computed by a method 
explained later in connection with the s-components, and, as meas- 
ured by the quantity y,, was found to be +0.002+0.044, which 
means that no excess is present after the distribution has been cor- 
rected for the effect of errors of observation. 

An attempt was also made to determine the mean error in the 
absolute magnitudes by assuming that the true distribution is a 
normal error function. The result is r=+0.75+0.28, in exact 
agreement with the adopted value, but with a fairly large uncer- 
tainty. 

The x-axis is nearly in the direction of preferential motion as 
ordinarily given. Thus the direction of the latter as found by A. S. 
Eddington’ from the proper motions of the Boss stars analyzed on 
the basis of the two-stream theory is toward galactic longitude 
347°, whereas the x-axis has a longitude of 332°, both axes having 
zero galactic latitudes. From Eddington’s data, I have computed the 
position of the centers of the two streams in the frequency curve 
and found that the first stream has its center at the point —15.7 
km/sec. and the second stream at +23.5 km/sec. Allowing for the 
slight inclination between the two axes, we should expect the center 
of the first stream at the point —15.2 and of the second stream at 
+22.7. These points are marked with Roman numerals in Figure 1. 
No trace of any division into two streams is noticeable, although 
the ‘‘stream’”’ motion is very pronounced among these stars, as 
shown by a comparison of the dispersions along the three axes. For 
the giant M stars the evidence is thus all in favor of the ellipsoidal 
hypothesis. 

The direction of the axis of preferential motion for the ‘“‘central 
group” among the A stars, for the giant stars of spectral classes K 
and M, and also for the dwarf stars of the latter types, has been 

t Stellar Movements, pp. 101, 102. Macmillan, 1914. 
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determined by the writer’ to be toward longitude 330°, differing 
appreciably from the direction found for other spectral classes, which 
is about 357°. The reason for this difference is probably that we 
have eliminated from the first-mentioned objects the effect of mov- 
ing groups, in particular the generalized Taurus group and the Ursa 
Major group, and any existing traces of Kapteyn’s two streams. 
A direct computation from the present data, using the method de- 
vised in Contribution No. 245, gives 332°0+2°%1 for the galactic 
longitude of the axis of preferential motion, in exact agreement with 


—II0 —90 —70 —50 —30 —100 +10 +30 +50 +70 +o0km/sec. 


Fic. 1.—Distribution of velocities projected on the axis of preferential motion. 
The dots represent observed numbers of velocities between limits of 5 km/sec. The 
dotted curve is a representation determined by the method of moments; the full-drawn 
curve is based upon an analytical distribution function to which the effect of errors 
has been added. The curve near the axis of abscissae represents the effect of errors in 
the absolute magnitudes, proper motions, and radial velocities. 


the direction used. For the stars studied the axis of preferential 
motion is thus perpendicular to the axis of asymmetry, at least with- 
in the uncertainty of the directions involved. 

5. The y-axis is the axis of asymmetry as determined in Contri- 
bution No. 293. The observed frequency function was first repre- 
sented by the method of moments, values for the mean, dispersion, 
skewness, and excess being found as follows: 


c=—17.43 km/sec. lees 


(18) 
g= 22.59 km/sec. E=+0.369 


* Mt. Wilson Contr., Nos. 245, 257; Astrophysical Journal, 56, 265, 1922; 57, 77, 
1923. 
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The representation of the distribution with the aid of these con- 
stants is shown as a dotted curve in Figure 2. The representation is 
very poor because the actual distribution differs greatly from a 
normal error-curve. A slightly better representation could perhaps 
be obtained by omitting a few of the higher velocities; but such omis- 
sions are of a rather arbitrary nature, and one of the specific pur- 
poses of this study was to find if it were possible to represent the 
whole distribution by a simple function. 


—11i0 — —10 o +10 +30 +50 +70km/sec. 


Fic. 2.—Same as Fig. 1, but the velocities are here projected on the axis of asym- 
metry, 


Contributions Nos. 275 and 293 give evidence that the aggre- 
gate of practically all cosmical objects has a velocity distribution 
which is symmetrical for the x- and z-components and asym- 
metrical for the y-components. The velocity distribution for the 
y-axis was represented by a function of the form 


F(y)dy=e-?%—9 S{(y—c)"]dy , (x9) 


where S indicates a distribution function symmetrical around the 
value y=c, and p is a quantity which produces the asymmetry and 
may be referred to as the “asymmetry constant”; in reality it is a 
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vector directed toward the negative y-axis. In the papers cited, S 
was represented by a sum of concentric normal error-curves, which 
was a natural representation on account of the heterogeneous mix- 
ture of objects used. If S is a normal error-curve, the effect of the 
asymmetry constant is to shift the center of this error-curve in the 
direction of the asymmetry vector by an amount which is a quad- 
ratic function of the dispersion. 

An attempt was made to represent the true distribution by a 
function of the form given in equation (19). The difficulty was to 
find an analytical form for the function S. After several trials with 
error-curves having different kinds of excess, a very simple form was 
found which represents the true distribution remarkably well. 

The form used was 


S~re-tly-el ’ (20) 


where the absolute value of (y—c) is used in the exponent. This 
function has a singularity at the point y=c, which will be discussed 
later. 

The observed distribution was thus represented by the function 


F(y)dy=NF—P) gel v-e\ nyo dy E(y)dy, (2) 


where E(y)dy, as before, is the effect of errors. 
Integrating the function F'(y)dy between the limits — % and y for 
y<c, and between y and + for y=c, we obtain 


ma {° Fo)dy=TCED) go-n0-9| + al(a-p)y+(0-p)9| 
ts 

ae, (o-p)| ’ 

+00 _ (22) 

nim (" FO)dy= "CEP eer n10-0| x—al(e+p)y 


—(otpyyi+Z ot9y] , 
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The expressions for the derivatives are 


aN ge-v-9 2+ (o+9)-0)| 

FE me (e+ )-A)_ | SA) 

one © (= pee-mv-9 

Bey ity | 2 
Bae Ee 0-0] 

Fea gt tee [—1—(a—p)(y—0)] } (y=c) 

dn. N 


=— (g?— p2)e—(atp)ly—o) , 
dc em P*) 


I have employed the method used in the case of the «-coordi- 
nates and determined corrections to provisional values of the con- 
stants a, p, and c from the differences between observed and com- 
puted numbers of velocities in different intervals. These intervals, 
ten in number, were so chosen that they include approximately 
equal numbers of velocities. 

The expression for E(y)dy is derived on the assumption that the 
first and second derivatives of the frequency function are con- 
tinuous. In the present case these derivatives are discontinuous for 
the value y=c. Consequently, we must imagine some kind of con- 
tinuous transition in these derivatives in the neighborhood of this 
point. The computation was carried out to the singularity at y=c, 


but the computed value of fE (y)dy in the region around this point 


was regarded as uncertain, and the corresponding equation of con- 
dition was omitted in the least-squares solution. 
The following constants were found: 


a@=+0.0701 +0.0041 sec./km 
p=+0.0206+0.0041 sec./km (24) 
c=—9.02 +1.03 km/sec. 
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The apparent distribution function based upon these constants 
and integrated over intervals of 5 km/sec. is shown graphically as 
a full-drawn curve in Figure 2, and the numerical data are given in 
Table I. The effect of the errors is also shown in the diagram, but 
,the computed effect near the singularity is not exact. The above 
constants are, however, independent of the errors in this region of 
the distribution curve. 

The representation by means of the foregoing constants is seen 
to fit the observed data remarkably well throughout the range. The 
values of p and c are in good agreement with those found in Con- 
tribution No. 293 for the asymmetry constant and the “limiting 
center’ from cosmical objects in general. The values previously 
derived are 

p=+0.0192 0.0020 sec./km 
\ (25) 
c=—t0.0 +1:0 -km/sec. 


In fact, we might have adopted these values and obtained a 
representation practically identical with the one given, by the use 
of only one constant (a), the others (pf, c, a, and 7) being derived 
from other objects or by other means. 

6. The velocity distribution along the z-axis is shown in Table I 
and Figure 3. This axis is nearly perpendicular to the galactic 
plane. Using again the method of moments, we find the following 
constants for the apparent distribution 


c=— 2.33 km/sec. ; Beha (26) 
g= 18.64 km/sec. ; E=-+0.445 
The dispersion is slightly smaller than that found for the y-axis, 
but the skewness and excess are very large. The representation by 
these constants is shown by a dotted curve in Figure 3 and is rather 
poor. When the excess or the skewness becomes large, pronounced 
inflections occur and the frequency function may even become 
negative. To avoid these inflections, which do not appear in the ob- 
served distribution, a function of the following form was used: 
Fie)dem oe Memo [ayaa lds; yar 34. (27) 


Tv 
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This function gradually becomes zero and is always positive 


when ¥, is positive. It must be emphasized that / is not here a meas- 
ure of the actual dispersion. 


The apparent distribution is thus 


F(z)dze=F,(z)dz+E(z)dz . 


—90 —70 —5s0 —30 —100-+10 +30 +50 -+70km/sec. 
Fic. 3.—Same as Fig. 1, the velocities being projected on an axis nearly perpen- 
dicular to the galactic plane. 


Integrating this function between the limits z, and z, we find 


2 _Ne, Ny vn 
m= { Pada aye obet ah te 2b 


4VV 3 
bo = — ahe b,= —gahcy, (28) 
r= a(—i+2he)+TH bs=ay,(—5t2he)+Thy, 
b= 4ahe bs =4ahcy, 


b= a(2—4h?c?7y,) —2T*h*y, b, = 207, 
The functions 9 and y, are defined by equations (15). 


Try, =: 
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The expressions for the derivatives are 


ula, tie 


dh —= hy (Wits) 
im Why pag) (29) 
¢ V 


dne N (3 ) 
= ae 
dy, 2V ry? af Vs 


The following values for the constants were found: 


c=— 1.61 +0.61 km/sec. 


Ss 11.54 +1.36 km/sec. (30) 
V 2h 


Ya=+ 0.322+0.191 . 


The true dispersion o can be found from the equation 


o” I 
Paes 


o=15.39 km/sec. 


and we find thus 


The representation with these constants is shown in Figure 3 by a 
full-drawn curve, and may be regarded as fairly satisfactory. The 
effect of the errors is shown as before by a full-drawn curve near the 
line of abscissae. The hump in the distribution at z= —40 km/sec. 
is due to the errors in the absolute magnitudes, as may be seen from 
the curve representing the effect of the errors. 

The true distribution function is slightly asymmetric, and an 
attempt was made to represent the asymmetry by a factor e~?@~9, 
as in the case of the y-components. The slight asymmetry which 
exists is, however, not of a type that can be represented in this 
way, and is probably not a general phenomenon. 

7. Even if the velocity distributions for the three principal axes 
are known, it does not necessarily follow that the three-dimensional 
distribution can be represented by a product of the three functions. 
It is only when the velocity components are independent that the 
simple product may be used. In case, for instance, of a mixture of 
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two classes of objects having different velocity dispersions but the 
same group motion, there would be a positive correlation between 
the velocity components, numerically small and large velocity com- 
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ponents on one axis being statistically associated with small and 
large components, respectively, on another axis, a condition’ which 
may be expressed by inequalities of the type ay’ >a’. 

t A slight correlation of the type mentioned above would be introduced by the 


fact that the errors in the absolute magnitudes are the same for the three velocity 


components. 
IIg = 
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In the present case the data are hardly sufficient for a three- 
dimensional subdivision, and we will limit ourselves to a study of the 
motions in the xy-plane. If we multiply the apparent distribution 
functions for the «- and y-axes and divide the result by the total 
number of objects V, we may test the possibility of representing the 
velocity distribution in the galactic plane by this product. Table 
II gives the results of such a study. The elements of area are neces- 
sarily increased as the density decreases, in order to obtain enough 
stars in each element. The upper figure in each rectangle is the 
computed number of velocity vectors terminating within the corre- 
sponding element of the «y-plane, while the lower figure is the ob- 
served number. On account of the use of even kilometers in the in- 
dividual velocity components, the observed numbers often include 
fractions of a star. In view of the comparatively small number of 
stars in the different elements, the agreement between computed 
and observed values is all that can be expected. 

It was of particular interest to ascertain whether the high 
velocities show any evidence of discontinuity. A little below the 
x-axis there is an excess of four or five stars with velocities beyond 
—8o0 and +70 km/sec., but the opposite occurs for the y< —8o, 
No appreciable correlation could be found between the x- and y- 
components.” As a whole, the representation is valid for the whole 
range in « and y and shows no discontinuities. No definite trace of 
any moving groups could be found from the velocity diagram. 

A similar study was made of the velocities projected on the xz- 
and yz-planes. It was found in all cases that no dependence existed 
between the velocity components, apart from a slight correlation 
due to the fact that the errors in the absolute magnitudes are the 
same for all directions. In general, the high velocities are as well 
represented as the smaller velocities, and no discontinuity could be 
found. 

8. The values found for the centers of the three symmetrical 
functions may be compared with the values of a’, 6’, and y’ derived 
in Contribution No. 293, page 20, from the radial velocities of the 
stars in general. 


* The absence of a linear correlation (vy=27) simply means that the velocities are 
projected on the principal axes. 
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We have 
a’=—10.1+0.5 km/sec. ; ¢z= —8.8+0.7 km/sec. 
6’ =—10.0+1.0 km/sec. ; Cy= —9.0+1.0 km/sec. 
y'=— 4.10.3 km/sec. ; Cz= —1.6+0.6 km/sec. 


Except for the value of ¢,, which, as may be seen from Figure 3, is 
difficult to determine, the agreement is satisfactory, but there is a 
systematic difference which will be discussed in connection with the 
solar motion. The asymmetry constant here determined may be 
regarded as a vector starting at this point (the “limiting center’) 
and directed toward the negative y-axis (a=130°, 6=—57°) and 
has a length of 0.0206 sec./km. We may also use the inverse value, 
48.5 km/sec., as a measure of the asymmetry vector. This is 
to be compared with the value 52.1 km/sec. corresponding to 
p=o0.0192 found in Contribution No. 293. This is probably the best 
method of expressing the asymmetry vector. 

g. We will now consider the solar motion as derived from the 
giant M stars. On account of the asymmetry in the velocity dis- 
tributions, the group motion loses some of its usual meaning; we 
shall retain the expression, however, supposing it to represent the 
arithmetical mean of the velocity components, while the solar motion 
will be the opposite vector. Since there is no appreciable asymmetry 
along the «- and z-axes, we may identify the mean for these axes 
with the center of the distribution. Comparing the means for the 
apparent and true distributions, we see that for the «- and z-com- 
ponents the effect of the accidental errors of observation upon the 
mean values is very small. The computation of the true mean for 
the y-components is complicated by the fact that the computed 
effect of the errors near the maximum of the distribution-curve is 
not correct on account of the discontinuity in the derivatives. But, 
without appreciable error, we may regard the mean of the apparent 
distribution for the y-components also as representing the mean of 
the true distribution. The three means are thus 


#=—9.2+1.3; y=—17.440.9; 2=—2.3+0.8 km/sec. 


t Assuming the frequency function to be valid up to the singular point, we find for 
the true mean y= —18.20 km/sec. 
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The opposite vector, referred to equatorial co-ordinates, gives the 
following value for the sun’s motion referred to the giant M stars: 


Ao=281°7 ; Do=+35°5 3; Vo=19.8+1.0 km/sec. 


From the radial velocities of 307 M stars brighter than apparent 
magnitude 6.5, the following elements were derived for the solar 
motion: 


Av=270-1 ; Do= +352; Ve=23-441.6 km/sec. 


Although the two apices agree well, there is an appreciable differ- 
ence in the sun’s velocity. This difference is intimately connected 
with the fact mentioned in Contribution No. 327° that the parallactic 
motions give a smaller value for the mean parallaxes, and thus a 
brighter mean absolute magnitude than the peculiar motions, pro- 
vided we use the higher value for the sun’s velocity. 

The ratio of the two values for the sun’s velocity would indicate 
that the absolute magnitudes need a systematic correction of 
AM =—o0.57. Such a correction is difficult to reconcile with the 
result of the comparison between angular and linear peculiar mo- 
tions. Systematic errors in the proper motions may be partly re- 
sponsible for this difference. A small excess of stars of high radial 
velocity in the southern hemisphere would account for part, or 
even the whole, of the effect. It must be noted, however, that a 
correction AM = —o.57 would not appreciably modify the shape of 
the three distribution-curves here given. The only effect would 
be to change the scale of the velocities, counted from the sun as 
origin, by the factor 23.4/19.8=1.18. All quantities expressed in 
km/sec. would be multiplied by this factor; quantities expressed 
by pure numbers (S, £, y,) would remain unaffected. 

to. There has been some discussion about the nature of the 
asymmetry, and a few remarks may remove some misconceptions. 
Oort? has studied practically the same stars as those discussed in 


t Astrophysical Journal, 65, 108, 1927. 


2 Bulletin of the Astronomical Institutes of the Netherlands, No. 23, 1922, and 
Groningen Publications, No. 40, 1926. 
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Contributions Nos. 245, 275, and 293,‘ and arrived at the conclusion 
that the asymmetry exists only for stars having a peculiar velocity 
greater than a certain fixed limit, which he places at 63 km/sec. 
Stars with peculiar velocities smaller than this limit are supposed to 
show no asymmetry. This asymmetry extends over a whole hemi- 
sphere, but no provision is made for effecting the transition to the 
other hemisphere, or for expressing the change in the limit as the 
axis of preferential motion is approached. No analytical expression 
for the velocity distribution of the high-velocity stars has been 
given, apart from the statement that they must lie outside a certain 
sphere in velocity space. This, however, would be of less importance, 
if any fixed discontinuity could actually be found. But the dis- 
tribution curve in Figure 2 gives no trace of any such discontinuity 
at Oort’s limit, or at any other limit. In the two-dimensional dis- 
tribution, Table IT, there is no indication of any discontinuity sepa- 
rating the high-velocity stars from those of smaller velocity. From 
both the one- and the two-dimensional velocity distributions we 
may conclude that the asymmetry is a phenomenon which affects 
the velocity distribution of the giant M stars as a whole. 

In The Observatory, October, 1926, Oort writes, “ . after 
inspection of the figures on page 4 of Groningen Publications, 
No. 40, most astronomers, Strémberg also, will agree that there is a 
pronounced change in the velocity distribution near 62 km/sec.” 
To this I would say that the stars there studied are very heterogene- 
ous as regards motion and for such a mixture we should expect a 
change even on the basis of the present theory. If we mix, say, 
Cepheids of long and short period, we should certainly find a pro- 
nounced discontinuity and, if the two classes of objects are in nearly 
the same proportion, also an additional maximum in the velocity dis- 
tribution. The same applies, although to a lesser extent, if we mix to- 
gether stars selected on the basis of apparent brightness and large 
proper motion. Since large radial velocities are correlated with large 
linear tangential motions (at least in a heterogeneous mixture), we 
obtain, in studying the radial motions, the equivalent of two or more 
different velocity ellipsoids, as in Contribution No. 293; and the 


t Astrophysical Journal, 56, 265, 1922; 59, 228, 1924; 61, 379, 1925. 
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transition between these velocity ellipsoids, or error-curves in the 
one-dimensional case, may easily show at least a break in the con- 
tinuous run. The F stars of large reduced proper motion and of 
large radial velocity, for instance, probably will produce a change in 
the distribution somewhere around Oort’s limit. For this reason 
my more homogeneous data in The Observatory, September, 1926, 
are more satisfactory as a test of the existence of the fixed discon- 
tinuity than Oort’s larger numbers, which were also previously 
studied by me. It is also for this reason that the giant M stars are 
well suited to test this question. 

Some doubts have been expressed by Oort upon the general 
validity of the quadratic relationship between group motion and 
velocity dispersion, but although there is some scattering of the 
points on my parabola in Contribution No. 293 the general tendency 
is unmistakable. In fact, the M stars fit the parabola rather poorly; 
but we now find, when the three-dimensional motions are studied, 
that the asymmetry is the same as for the stars in general. The 
division into several velocity groups made in Contribution No. 293 
does not mean, as has been conjectured, that there is no asymmetry 
within the individual groups; in fact, the asymmetry may be rather 
pronounced within the component groups, the dissection serving 
merely as an artifice to determine the asymmetry vector. The 
separation into velocity groups could have been used in the present 
case for the distribution of the-y-components, in which case the 
distribution would have been represented by at least two error- 
curves with quite different dispersions, one having its center at about 
—1o and the other at about — 70 km/sec. But such a representation 
would have been rather artificial, and, in the present case, in view 
of the non-existence of any correlation between x and y, without 
any justification. Using Oort’s method, we would have expressed 
the same distribution by an error-curve and, in addition, an ex- 
tremely asymmetrical distribution starting rather abruptly at a fixed 
point. It must be borne in mind, however, that Oort’s representa- 
tion refers primarily to the three-dimensional distribution; but as 
seen in Table II there is no justification for introducing any dis- 
continuity or separation into two velocity groups of more or less 
complex nature. The problem would have been somewhat different 
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were there dynamical reasons for expecting a strictly Maxwellian 
distribution of stellar velocities; then we should have to invent spe- 
cial causes to explain the excess of high velocities. 

The asymmetry vector seems to be the same for all known cos- 
mical objects, although there is some doubt about the spiral nebulae, 
principally on account of the large K-term. The phenomenon is 
complicated by the existence of moving groups, like the Taurus and 
the Ursa Major groups, which probably must be treated as individual 
stars. The B stars show a decided discrepancy, but we have reason 
to believe that the bright B stars form a separate system (the ‘‘sec- 
ondary galaxy,” or the “local system”’ of Shapley), and may be com- 
parable to a moving cluster. Several of the groups in Contribution 
No. 293 selected on the basis of small reduced proper motions 
(i.e., high intrinsic brightness) seem to include a large percentage of 
stars belonging to this local B-star system. 

From a comparison of mean parallaxes computed from the 
luminosity and density functions with those derived from parallactic 
motions, Seares' has concluded that the sun’s velocity is larger for 
intrinsically faint stars than for stars of higher luminosity. This 
result has been objected to by van Rhijn,? Oort and N. W. Doorn,3 
and P. van de Kamp.* There may be some connection between the 
phenomenon found by Seares and the general asymmetry in stellar 
motions. My own results indicate not a direct dependence of solar 
motion upon absolute magnitude but rather upon velocity disper- 
sion, and this can well be reconciled with Oort’s and Doorn’s data. 
Van de Kamp finds that the radial velocities of stars of apparent 
magnitudes 9-10 give not only the same solar motion, but also about 
the same velocity dispersion as the brighter stars of the same spectra. 
Although seldom explicitly stated, everybody seems to have found 
a larger dispersion and larger solar motion for the giant K stars 
than for A, F, and G stars. 

On account of the correlation between mean peculiar motion 
and absolute magnitude, we should expect a correlation such as 


¥ Mt. Wilson Conir., No. 281; Astrophysical Journal, 60, 50, 1924. 

2 Groningen Publications, No. 37, p. II, 1025. 

3 Bulletin of the Astronomical Institutes of the Netherlands, No. 89, 1925. 
4 Ibid., No. 112, 1926; Lick Observatory Bulletin, 12, 88 (No. 374), 1926. 
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Seares finds. The apparent contradictions can, however, all be recon- 
ciled by making the assumption that the sun’s velocity varies with 
the velocity dispersion (or, in Oort’s terminology, with the per- 
centage of high-velocity stars), and it is only when there is a marked 
correlation between this dispersion (relative percentage) and the 
absolute magnitude that we may expect any correlation between 
absolute magnitude and solar motion. The determination of the 
latter correlation requires, however, a large amount of observational 
data, in particular for dwarf stars, which form such a large percent- 
age when dealing with the stars as a whole, as Seares has done. 

The “limiting center’? was defined as an unattainable limit for 
the group motion of a class of objects as its velocity dispersion ap- 
proaches zero. When using the distribution function in equation 
(19), this name becomes somewhat inadequate; but if we use equa- 
tion (12) in Contribution No. 293, we see that this limit is the center 
of one of the two symmetrical functions composing the general 
distribution function, the other center defining the “world-frame.”’ 

It has been objected that the “velocity restriction’ in a universal 
world-frame” which can be deduced from, but may not be a neces- 
sary consequence of, the form of the general distribution law can 
hardly be expected to have any effect when the velocities are as 
small as those found in stellar motions. But we must consider that 
a star is not a simple object, but is composed of electrons and atomic 
nuclei, and that the electrons within the stars may have velocities 
nearly equal to that of light. If the mass of an electron were a 
function of its velocity relative to the world-frame, and if the classi- 
cal theory of compounding velocities were used, we should expect 
such a restriction. Further, we are here dealing with effects ac- 
cumulated during the whole lifetime of a star, and the slightest lack 
of symmetry in the impulses would produce an appreciable effect. 
Although it is simplest to think of an ether in the classical sense as 
the cause of the velocity restriction, this conception is probably too 
mechanistic, and must be replaced by something which can serve 
as a substratum for electro-magnetic and inertio-gravitational phe- 

* The word “damping” has been suggested to me by several physicists, but as this 
Ssehama a physical rather than a statistical property the original term has been 
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nomena. The general tendency is to regard the material universe 
not as an ensemble of cosmical objects but rather as a single entity 
with physical properties and singularities (atomic nuclei and elec- 
trons). 

The simplest way to explain the connection and coincidence be- 
tween the inertial and optical frame, on the one hand, and the 
stellar frame, on the other, seems to be to assume such a velocity 
restriction for transverse motions; and it was considerations of 
this kind which led me to try the new type of distribution law.* 
Meanwhile, many new data have been added, and detailed studies 
have been made of the velocity distribution. The form suggested 
for the velocity distribution has been found to represent the general 
distribution with a much higher accuracy than was ever anticipated. 

The physical basis of Oort’s theory is that certain stars have 
velocities higher than that of escape, which of course is perfectly 
reasonable. The reason, however, that these velocities are not dis- 
tributed equally in all directions, at least in the galactic plane, is 
that these stars are interlopers belonging to a larger system, relative 
to which our local system has a high velocity. The larger system 
with which they are connected is supposed to be the system of 
globular clusters. We should then expect that these high-velocity 
stars would form a system statistically at rest, relative to the larger 
system, and that the sun’s motion, relative to the system of high- 
velocity stars, would be around 250 or 300 km/sec. This, however, is 
not at all the case. According to Oort, a clustering seems to prevail 
outside a fixed limit in velocity space, and for higher velocities the 
number of stars decreases rapidly, only a very few attaining veloci- 
ties equal to that of the system of globular clusters. 

Since it is definitely proved that the high-velocity stars do not 
have the same group motion as the globular-cluster system, they 
can hardly be regarded as interlopers belonging to this system. 
Nevertheless, there is a connection, and this connection may be 
expressed formally by introducing a constant asymmetry vector, 
and physically, or rather conceptually, by a velocity restriction in a 
universal world-frame; and the introduction of this vector makes it 

i Mt. Wilson Communication, No. 84; Proceedings of the National Academy of Sci- 
ENCES, 9, 312, 1923. 
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possible to express the velocity distribution of practically all cos- 
mical objects in a very simple form. 

Another physical explanation of the asymmetry has been put 
forward by B. Lindblad.t According to his theory, a number of 
different classes of objects occupy the same space, forming sub- 
systems having their common center of mass at a distance of about 
18,000 parsecs in the direction of galactic longitude 325°. The period 
of rotation is different for the different subsystems, the system of 
globular clusters, to which the galactic clouds are supposed to belong, 
having only a small or zero rotation; the different speeds of rota- 
tion are in the same order as the sequence of velocity ellipsoids in 
Contribution No. 293. Such a system, according to Lindblad, may 
remain stable for a very long time, as the encounters of the stars 
have very little influence on their motions. The difficulty with this 
theory, as the writer sees it, is that it introduces hypotheses about 
the motions and distribution of cosmical objects which can hardly 
be tested by comparison with present observational data. As far 
as known at present, the center of the galactic stellar system is at a 
distance of only 1000-2000 parsecs. Further, it is very difficult to 
understand how such a system of intermingled subsystems can ever 
have evolved from a primordial mass of gas or dust, and the actual 
cause of the asymmetry remains unexplained. Nevertheless, it 
seems to require a distribution law of velocities practically identi- 
cal with the one used here. 

After all, hardly anything is known of the ultimate reason for 
the fact that objects of different spectral types, and even of different 
periods of light variation, have quite different velocities. Certain 
important factors seem to be missing from our theories of stellar 
motions; and if we look carefully enough we may even find that 
space itself has properties—in addition to those which we ordinarily 
include among inertio-gravitational and electro-magnetic phe- 
nomena—which are essential for an understanding of the problem. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
March 1927 


* Arkiv for Matematik, Astronomi och Fysik, 19A, Nos. 21, 27, and 35; 19B, No. 7, 
1925-1926. 
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SPECTROGRAPHIC ORBITS OF THE TWO 
COMPONENTS OF BOSS 5683 


By ROSCOE F. SANFORD 


ABSTRACT 

Spectrum.—Star B of the visual system 2 2873 is a spectroscopic binary in which two 
spectra of about class G4 are at times distinguishable and measurable. 

Orbit.—The spectroscopic orbit of the primary and the semi-amplitude of velocity 
variation for the secondary have been found from thirty-eight spectrograms (Table I) 
made with the 60-inch reflector. The orbit is circular, with a period of 1.1522019 days; 
the semi-amplitudes of velocity variation for primary and secondary are 105.5 and 
112.4 km/sec., respectively, and the velocity of the system —17.0 km/sec. A velocity 
diagram is shown in Fig. 1. The elements give (a:+a2)sin 1=3,470,000 km; 
mz Sin i=0.65 © ; and m,sin3t=0.61© (Table II). The velocity of the system here found 
is 5 km/sec. greater, algebraically, than that derived for star A, a difference hardly too 
large to attribute to the respective probable errors, although part of it may find a le- 
gitimate explanation in the orbital motion of the components of the visual system. 
Attention is called to the possibility of variability by eclipse. 

This is star B of the visual system © 28737 (1900, a 221™o, 
6+82°23’, mag. 7.3, Gap). Both A (Boss 5682) and B have been 
found to have the same proper motion, but during the fifty years 
that the stars have been observed no certain evidence of orbital 
motion has been noted. Five spectrograms of star A made at this 
observatory gave the apparently constant radial velocity — 22.7 
km/sec.? Its spectral class is F6, apparent magnitude 7.1, and ab- 
solute magnitude 3.5.3 The obvious conclusion that star B has a still 
fainter absolute magnitude has been borne out by the evidence of 
its spectrum, for this gives / =4.8.3 In addition, it was soon noticed 
that the radial velocities from the different plates were certainly 
unlike, and it was later announced! as a spectroscopic binary which 
at times shows the spectral lines of both components. 

The variation in radial velocity of the two components was at 
first taken as evidence of a period of several days. As no such period 


could be found which would predict the phases for very long, an 
t H.D. 209943; BGC. (11514). 
2 Mt. Wilson Contr., No. 258, p. 25; Astrophysical Journal, 57, 173, 1923. 


3 Mt. Wilson Contr., No. 199, p. 76; Astrophysical Journal, 53, 88, 1921. 
4 Publications of the Astronomical Society of the Pacific, 31, 42, 1919. 
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effort was finally made to obtain two spectrograms on the same 
night. This was accomplished on August 16, 1926, the two plates 
having mid-exposures that differ by a little more than six hours 


TABLE I 
OBSERVATIONS OF Boss 5683 


VELOCITY 
Prate No. Date G.M.T. | PHase as Wr 
Prim. Sec 
days km/sec. km/sec km/sec. 
Ws oe TOTO NOV: 01} CS2dnm| Ossgan| sO rON lene neni —34 0.5 
Celt ee oo: TOL E|ULy Gal 24020 On 705m) eee etter aioe +59 0.5 
OLAT ao PUP Se Ween os 700) eerie 5 5m ereeietats = ik 0.5 
O267 irierecs Och sero ns04 |G. 875) |e RON | ernie 12 I.0 
OA5O meer Deco esa) 077 O08 on707> | OA erin een ore = 7 if) 
O520 enn TOES Jane 620 TOeT26 TsO2 Tawar Asie ek Oe a eo Io 
WAM wictere: Oct 23} 1G 307) 6,080) |= 00; 6) (Nr reo em I.0 
GA8G) aa roz20 Aug. 28 | 17 r5 | 1.052 | -- 70.6 | — ‘92.1 | +6 0.5 
ray. Fo eyes: BUS 205 LOe5 AP | Once5 ln cOs | ert — 8 1.0 
ORZO women Septem 2) 2343" | 0.7.03 79.9 | + 94.8 | +15 0.5 
TOQOT see TOLE VWNe tA | er 50 |) G.Go0 |= 82070 lie sey —22 On5 
TORE ines uly; x 20° rs |ostOse lly 50 | 7 OuAn eo Une) 
TORO oeiniec2 Tole oes |] Beep I ae nyt || Seat ey |) aleve TO) 
TOW0 SG naion July 13 | 20 42 | 11032 | + 40.4 |) — 64.8 | —=217 0.5 
LOO Te acces TO22 June 7% | 23 18 | 10,008 | —131.0)| -- 9 87..5.9| To Onis 
EETONs cides {UNE S122, 550) On43e: |p O40) |bene eterna ray 0,25 
ETO ie oe kts July 220.856) | OatOT) | sa S543 hie ee eee + 5 0.5 
ud ty Peal PB faly sil 2ore2e| 1036 |e O32 0 |e 2 Ouse 0.5 
TRE Ahir ear July 4 | 20°46 | LtL.000: | -- 52.5 | — 73.57) — 2 0.5 
TUZ20 os. ee Peuatae Tell eo Were [eowtsy Kofel| ao eearaty Ee ese 4 + 7 I.0 
TEAOO. vets DEPE) Zi S0s| elas ue pon OS On lee ene —20 0.5 
EIAOB core Sept. | e22e40) | |NO.0700 espns 7. Online eee — 8 0.5 
E2330. <= TG2g DEC. TON) 20. 108) 01 7805|e—— AA On| serene ers +14 sO) 
TORO oleecsce Dec. 17 | 16 24 | 0.648 | —21z8.8 | -+--110.2 | — 4 I.0 
T351O nce: 1925 July 5 | 20 00| 1.061 | + 74.8 | —114.4] — 1 I.0 
ne aby e6, | 207 00s] (0, 9008) e-- 1 3s || eee + 5 TO 
ied os ona July 7] 19 15 | 0.726 | — 88.6 | + 43.3] + 1 I.0 
retest eC July 8 | 19 58 | 0.603 | —128.5 | +102.4 | — 7 1.0 
ToCAA Geers July 9 | 20 39 | 0.479 | —124.6 | + 88.4 | —16 I.0 
P2098 ora « Atig= 165\\5235209\ (OF O50 (I -032.,10) |e nee + 2 Tro 
ESO201 Averts Aug. 7 | 16 20 | 0.496 | —107.8 | + 96.6 | + 5s TO, 
TORO... Aug. 8 | 18 02 | 0.414 | — 82.0] + 64.7 | + 2 ane) 
ES GAT OG eo Aug. 10 | 17 30 | 0.087 | + 76.4 | — 03.1 fo} 0.25 
TOGA ae AUS2 D2t Or Syn] Onc0om|l = Oo re ee —12 TO 
TZQAZS. 0: Dec. 29 | 15 58 | 0.452 | —112.2 | + 99.6] —13 O45 
CANDY wee 1926 Aug. 16 | 16 35 | 0.035 | + 88.6 | —118.0 |] + 2 I.0 
PAAR OL Gree Ale TO) | 23° eEON| Orato | =o ar: ene teran +10 I.0 
FAAZE Aaa Aug. 17 | 16 27 | 1.030 | + 69.2 | —104.2 | + 3 I.0 


(Table 1). The first of these shows a spectrum of double lines, and 
the second, one of single lines. The results from these two plates, in 
combination with the velocity found from that of August 17, taken 
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eighteen hours later, showed that the period could not be much 
greater than one day. Indeed this clue led finally to 1.1522019 days 
as the period best suited to assemble the velocities derived from the 
thirty-eight spectrograms made between November, 1916, and 
August, 1926. 

All the plates were obtained with the 60-inch reflector and a one- 
prism spectrograph. The observational data are in Table I, which 
has two columns for the radial velocities. If the spectra are blended, 
a velocity appears only in the column for the primary. In some cases, 
although the two spectra were separated, only that of the primary 
could be measured. When two spectra of types as late as these are 
blended, difficulties arise which often diminish the accuracy of the 
velocities for the two components and sometimes prevent the meas- 
urement of the weaker component entirely. All these difficulties have 
been encountered in this case. 

Careful consideration of the freehand velocity-curves drawn 
through the assembled observations resulted in the assumption of 

ircular orbits. Furthermore, since the curve for the primary seemed 
much more accurate than that for the secondary, it was decided to 
determine all the elements, except the semi-amplitude of velocity- 
variation for the secondary, from the curve for the primary alone. 
The preliminary elements for the assumed circular orbit were there- 
fore P, the period; 7, the time when the primary attains maximum 
positive velocity; K,, the semi-amplitude of velocity-variation for 
the primary; and, finally, y, that value of the velocity which divides 
the radial-velocity diagram into equal areas. 

The first two values of the radial velocity in Table I gave large 
residuals which could have been considerably diminished by slightly 
increasing the period; but other considerations seemed to favor the 
adopted period, and the final correction of this element was left to 
the least-squares solution. For this the weights assigned are based 
upon the various characteristics of the individual plates which may 
affect the accuracy of the measures. The least-squares solution re- 
sulted in sensible corrections only to K, and P; but the application 
of these corrections reduced [vv] 40 per cent, the effect, in large 
measure, of the change in P upon the residuals for the first two 
plates. A second solution based on all but the first two velocities 
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also gave sensible corrections only in the case of K, and P, and of the 
same sign as before. Since these elements do not materially better 
the representation of the thirty-six values of the velocity employed, 
and are quite inferior to the first set in representing the first two 
velocities, the results of the original solution are adopted. 

A value of K,, the semi-amplitude of velocity-variation of the 
secondary, has been derived from the measures of velocity by a 
least-squares solution of the equation 


C,=y—K. cosM , 


where C, is the measured velocity of the secondary, y= —17 km/sec., 
the velocity of the system, and M the phase as reckoned for the 
primary, the weights being the same as appear in Table I. The 
resulting value, K,=112.4 km/sec., seems, however, to be somewhat 
too small, because of the use of some values of C, that are unduly 
small but whose rejection would be an arbitrary procedure. Further- 
more, the near equality of K, and K, does not seem compatible with 
the very considerable difference in the intensity of the two spectra 
when seen separated. Nevertheless, the value obtained above is 
retained. 

The preliminary elements, corrections, and final elements, to- 
gether with their probable errors and the functions of mean distance 
and mass, are: 


Preliminary Elements Corrections Final Elements 
Vas I.1522019 days..]| -+o.0000124 day I. 1522143 +0.0000003 day 
¥ —16.0 km/sec. —1.0 km/sec. —17.0 km/sec. 
f J.D. 2423213. 380 —o.017 day J.D. 2423213.363+0.003 day 
Kee 112 km/sec. —6.4 km/sec. 105.6+2.0 km/sec. 
UGS A AO a ea rita EE RCE Cutie RSL Os aN iting 112.4 km/sec. 
(a:-+a2) sin Dee Henan tt ret eee ae Seek ee 3,470,000 km 
PE SUOS EG Tec et ae Fe cole rah | ete aioli ene ee atte 0.65 © 
SENSUOUS Mesa od dio ears cherie er teiat | eye eis ee ere ems TAT ihe 0.61 © 


The last column in Table I gives the residuals for the primary 
as computed from the adopted elements. 

Velocity-curves are given in Figure 1 for both components, al- 
though the elements upon which they are based, with the exception 
of K., are derived solely from the primary. The smaller circles indi- 
cate velocities for the primary; larger circles, those for the secondary. 
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The interval covered by the observations here represented includes 
2886 revolutions in the orbits. 

It is worthy of note that the velocity of this system (B of the 
visual pair) is —17.0 km/sec., whereas that for A, as mentioned in 
the beginning, is — 22.7 km/sec. Attention should also be called to 
the fact that the velocities for the secondary would be better repre- 
sented if its curve were raised somewhat; in other words, if its y 
were algebraically larger. No explanation for this discordance in the 
y-value for the two components is offered, except in so far as the 


km/sec. 


—0.2 0.0 +o.2 +0.4 +0.6 +o0.8 days 
Fic. 1.—Velocity-curves for the spectroscopic binary Boss 5683 (2 2873 B) 


fault may be traceable to the relative inaccuracy of the velocities 
for the secondary. Any weight that the secondary of the spectro- 
scopic binary may have in determining the center-of-mass velocity 
for the system B can only accentuate the difference in velocity al- 
ready shown to exist between stars A and B. The respective prob- 
able errors of the two velocities and the possibility of orbital motion 
in the visual binary would, however, suffice to explain this difference. 

It would be of interest to observe this spectroscopic binary photo- 
metrically at appropriate epochs in order to test for a decrease in 
brightness produced by eclipse. The spectroscopic data are quite 
consistent with such a possibility. 

CARNEGIE INSTITUTION OF WASHINGTON 
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STARS WHOSE SPECTRA HAVE BRIGHT 
IRON LINES 


By PAUL W. MERRILL 


ABSTRACT 


Classification of stellar spectra having bright iron lines-—These spectra may be 
classified in the following groups: (1) long-period variables; (2) peculiar stars of classes 
G, K, and M; (3a) class Be normal; (3b) class Be peculiar; id novae. Available in- 
formation concerning these stars is summarized, and a few unpublished observations 
are recorded. 

Lists of stars in groups 2, 3a, and 30 are given, with references to published descrip- 
tions. New data are recorded for Z Canis Majoris (H.D. 53179), and B.D.+14°3887. 
It seems possible that stars of group 3b (with outstanding bright lines and other pe- 
culearities) have fainter absolute magnitudes than those of 3a. 

Lines of the ionized atom are of more frequent occurrence than those of the neutral 
atom. This fact is briefly discussed. 


Hydrogen stands by itself among the chemical elements in the 
frequency with which its emission lines are found in stellar spectra. 
Iron comes next and helium third, unless we count long-period 
variables at phases other than maximum, in which case magnesium 
and silicon might outrank helium. The properties of bright hydrogen 
lines in stellar spectra are fairly well known, as these lines have been 
extensively investigated, and many data concerning them have been 
published. 

Bright iron lines appear in quite different types of stars, and 
references to them are widely scattered through astronomical lit- 
erature. The present paper attempts to summarize the available 
information concerning the occurrence of these lines, and in addition 
records a few unpublished observations. 

Stars in whose spectra bright iron lines have been found may be 
classified as follows: 


1. Long-period variables. Examples, o Ceti and R Cygni 

2. Peculiar stars of classes G, K, and M. Examples, T Tauri, W Cephei, and 
VV Cephei (Boss 5650) 

3. Class Be 
a) Normal. Examples, y Cassiopeiae and @ Monocerotis (brightest com- 

ponent) 

b) Peculiar. Examples, 7 Carinae and XX Ophiuchi (H.D. 161114) 

4. Novae 
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Recent progress in the analysis of spectra has emphasized the 
importance of distinguishing between lines of the neutral and of the 
ionized atom. The difference in behavior in stellar spectra of various 
lines arising from the same chemical element has, of course, im- 
pressed itself upon observers for many years, and has been a most 
important factor in hastening the interpretation of line spectra in 
terms of the structure of the atom. 

The fact that in various types of stars having bright iron lines 
we are dealing chiefly with enhanced lines (i.e., those of the ionized 
atom) is thus of considerable interest. Long-period variables are the 
only stars in which bright lines of the neutral iron atom appear in 
any strength, and in these stars enhanced lines also are present. 

We now proceed to a brief description of the characteristics of 
the iron lines in the various groups of the foregoing classification. 


I. LONG-PERIOD VARIABLES 


The neutral and ionized lines occur under different circumstances 
and must be discussed separately. 

Lines of the neutral atom. Fe I.—During the time of decreas- 
ing light, the spectra of variables of classes Me and Se exhibit a 
number of unusual bright lines, among which are the extreme low- 
temperature lines of iron. In the spectral region \ 4200-\ 4500, 
King’s list of persistent low-temperature lines™ is so consistently 
represented in the variables? as to leave very little doubt concerning 
the identification. 

Two of the most conspicuous bright lines present during the 
time of decreasing light? lie near the positions of the iron lines 
d 4202.03 and d 4307.91. These lines are believed by several ob- 
servers actually to be iron lines, and, in addition to the agreement of 
the laboratory and stellar wave-lengths, the careful discussion of 
identifications in o Ceti by Joy* has brought out several indirect 


t Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 318, Table V, 1922. 

? Mt. Wilson Contr., Nos. 311 and 325; Astrophysical Journal, 63, 281, 1926, and 
65, 23, 1927. 

3 Mt. Wilson Contr., Nos. 200, 265, 311, 325; Astrophysical Journal, 53, 185, 1921; 
58, 195, 1923; 63, 281, 1926; 65, 23, 1927. 

4 Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 281, 1926. 
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but plausible arguments in favor of this view. Nevertheless, some 
doubt may remain’ until these lines are shown by laboratory experi- 
ments to be outstanding under special circumstances, or until the 
presence in emission of certain related iron lines is recorded in the 
variables. 

Enhanced (ionized atom) lines. Fe II.—According to Joy,? the 
identification of several bright lines in the spectrum of o Ceti near 
maximum, with ionized iron, ‘‘may be considered as entirely prob- 
able.” This may apply to numerous other Me variables as well, al- 
though I think that the lines in question are less prominent in some 
of them. In the spectra of Se variables, on the other hand, the 
bright iron lines are decidedly more conspicuous, several of them, 
in particular \A 4583, 4924, and 5or18, being present on numerous 
spectrograms of these stars. They are especially prominent in S 
Cassiopeiae and R Cygni. In several variables, the bright enhanced 
iron lines seem strongest near maximum, as would be expected, but 
in R Cygni they persist throughout a considerable portion of the 
light-cycle. 


2. PECULIAR STARS OF CLASSES G, K, AND M 


Stars of these classes which are known to exhibit bright iron 
lines are listed in Table I. The iron lines are those of the ionized 
atom, including AX 4179, 4233, 4549, 4584, 4924, 5018, as well as 
other weaker lines. The hydrogen lines are bright, as are also numer- 
ous lines of unknown origin. Concerning VV Cephei (Boss 5650), 
W Cephei, and H.D. 42474, Adams, Joy, and Humason/‘ say, ‘‘There 
can be little doubt that the spectrum of these stars is closely allied 
to that of the well-known southern variable, 7 Carinae. A compari- 
son of the results with those published by Moore and Sanford for the 
latter star’ shows all of these bright lines to be present in much the 
same relative intensity.’”? Many of the same lines are found also in 
the spectra of H.D. 45677° and other peculiar stars of class Be. 


t Baxandall, Observatory, 46, 82, 1923. 2 L0G. Ct. 

3 Mt. Wilson Contr., No. 325; Astrophysical Journal, 65, 23, 1927. 

4 Publications of the Astronomical Society of the Pacific, 34, 176, 1922. 
5 Lick Observatory Bulletins, 8, 55 (No. 252), 1913. 

6 Publications of the Astronomical Society of the Pacific, 37, 163, 1925. 
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3. CLASS Bz 


Many spectra of class B show bright hydrogen lines, and in about 
one-eighth of these, bright iron lines also have been observed. We 
may, for convenience, divide the stars with bright iron lines into 
two groups according to the appearance of the bright lines. In the 
first group the bright hydrogen lines are of the “normal,” sym- 
metrical, or nearly symmetrical type described as S, D?, or D in 
Contribution No. 294.7 The iron lines have about the same structure 
as the hydrogen lines, but are much weaker and usually exhibit 
small contrast with the continuous spectrum. This group includes 


TABLE I 


Stars oF CrassEs G, K, M, wits Bricut [ron Lines 


Star No. R.A. 1900 | Dec. 1900 Mag. Type Notes 
REL AGI. sae cea Nox CES ee 4>16™r |-+10°17’ (10) Gpe I 
Re te ee: H.D. 42474 6) 5.8 |-\-230 54. Ve A M3ep 2 
Boss 1985......| H.D. 60414, 5 420.2 |—IA rs Sor M3ep 3 
R Cor. Austr...} N.G.C. 6729 18 55.2 1-37 5 10-13 Gpe 4 
Boss 5481...... H.D. 203338, 9 | 21 16.5 |+58 12 5.8 (Mr+B)e] 3 
VV Cephei.....} H.D. 208816 2t 53.0 |q-03 0 5.4 Mzep De, fs 
Wo Cenherc..<. H.D. 214369 22 32.6 |--s7 54 | 8.6-9.3 ||) Kye 2 


NOTES TO TABLE I 


. Publications of the Astronomical Society of the Pacific, 32, 59, 1920. 

. Ibid., 34, 175, 1922. 

> Lbid., 37, 101, 1025. 

. Mt. Wilson Contr., No. 241; Astrophysical Journal, 56, 181, 1922. 

. Publications of the Astronomical Society of the Pacific, 33, 263, 1921. 
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y Cassiopeiae, ¢ Persei, 8 Monocerotis, » Centauri (prior to 1904), 
and other bright and well-known stars of class Be. Stars of this kind 
are listed in Table IT. 

The list will doubtless be extended by future work, as many 
bright-line B-type stars probably remain to be discovered. More- 
over, not all known Be stars have been observed in such a way as to 
bring out the broad, weak iron lines here considered. This would 
require widened spectrograms on emulsions of considerable con- 
trast. 


* Astrophysical Journal, 61, 416, 1925. See also Transactions of the International 
Astronomical Union, 1, 100, 1922. 
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The identification of iron lines in this type of spectrum was ap- 
parently first made by N. Lockyer and F. E. Baxandall in the stars 
uw Centauri and y Cassiopeiae.t A spectrogram of mw Centauri ob- 
tained at Mount Wilson in June, 1924, shows that the recent 
disappearance of the bright hydrogen lines, noted by several 
observers, was accompanied by the disappearance of the bright iron 
lines. 

TABLE II 


Normat Br Stars with Bricut [Ron LINES 


Star H.D. R.A. 1900 | Dec. rg00 Mag. Type Notes 

a OE CEN senate fee Reg 5394 | obso™7 | +60° rr’ Bao Boe a 
(nad os 0 Gee te 10510 I 37.4 | +50 11 4.2 Boe ae 
Seether setae Schas ena 203306 312.2 | +65 17 4.8 B3e 253 
RE Reet oie vera amore! | 3) 2043 |e-}-02) 30 87, Be 4 
Pe REIselere ves ee 22192 3290.4 | +47 51 Wa Bse 2,3 
mrCamelop.u. on 39343 eta S724 |y-t-5o: 50 ae Bze 2 
neanens Pimab cine ot aie 85345 || S100 | 1-35 33 8.4 B2e 4 
eV TIGUIS este ate ieie 35439 By TOO) ero Les 4.7 B3e S 
CAPAUTIC ere reer 37202 Rian ye | pote 5 3.0 B3e 2 
Sporto ieee were ei dhe 41335 BocO ital 0. 42 ag Be 2 
8 Mono. (pre.).... 45725 | 6 24.0] — 6 58 Ss B2e 2 
@-Can, Maj....3.- 56139 | 7 10.7 | —26 35 3.8 B3e 2 
BR roots e's. eoVsid Sve 65875 VesreO — 2.20 6.4 Bze 4 
TeeUDpisi mene ce: 689807] 8 9.7 | —35 35 4.8 B3e 2 
p Centaur. ...... 120324 | 13 43.6 | —41 59 uae) Ba(e) ye 
FaOphiuchien sere | t40ro4|| LOL. 2 le 78. TA 4.8 B3e 2 
ENN cieiek Seon tis 190944 | 20 2.3 | +46 24 8.8 Be 4 
MeACUATIN, 6h e2 5 2T257E | 2220.2) |--'0 52 4.6 Bre 3 
fect eR Corkblsny ncaa Sac 217891 | 22 58.8 | + 317 4.6 Bse 2 
Bete heer «tis by 225005 | 23 58:3 | =55 © 7.6 Bre 4 


NOTES TO TABLE II 


. Proceedings of the Royal Society of London, A, 74, 548, 1905. 
. Lick Observatory Bulletins, 7, 177 (No. 237), 1913. 

. Monthly Notices, R.A.S., 85, 594, 1925. 

. Unpublished observations at Mount Wilson. 
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The spectra of the second group of B-type stars with bright iron 
lines show a more pronounced departure from ordinary B-type 
spectra than do those of the first group. The bright lines are more 
outstanding, and peculiarities, such as those of the type of P Cygni, 
are often present. Stars of this kind are listed in Table III. 


t Proceedings of the Royal Society of London, A, 74, 548, 1905. 
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TABLE III 


PECULIAR BE STARS wiTH Bricut IRON LINES 


Star No. R.A. 1900 Dec. 1900 Mag. Notes 
Compo iCetine a. ee ee ae ee abr4mg | — 3°26! IO-II I 
AG Ani ODE See EDS 45677 On 2887 —13 0 His 2 

eee H.D. 45910 OD ine || See Sy 6.7 p 
RUIMOTION se ohne a N.G.C. 2261 6 33.7. | + 8 49 (13) 4 
water: H.D. 51480 6 52.4 —10 4I 7.0 5 
Z Can. Maj. ere 53179 6 59.0 —II 24 (9. 1) Ir 
m Carinae. ae 93308 | Io 41.2 —59 I0 7-8 6 
xo Ophiachins apse 161114 | 17 38.6 — 614 | 9.6-10.7 7 
Mier 70 TOA Ans | Orcs ea ota 17 41.9 —27 50 9.0 5 
BED elt 0 FBS aol veer a neuie save TO 17.0 || -|-74 42 9.5 12 
B.D. +11° 4673 . 207757 | 21 46.2 | +12 9 (7.6) 8 
ZPRDATOM ee ice 221650 | 23 28.8 +48 16 | 8.3-11.4 9 
COMP ROA GUAT Lay|'2 ae eee ee as 23 38.6 —I15 50 9-10 aie) 
NOTES TO TABLE III 
1. Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 337, 1926. 
2. Publications of the Astronomical hia of the Pacific, 37, 163, 1925. 
3. Ibid., 35, 145 and 303, 1923. 
4. Lowell Observatory Bulletins, 3, 63 (No. 81), 1918. 
5. Mt. Wilson Contr., No. 295; Astrophysical Journal, 61, 418, 1925. 
6. Lick Observatory Bulletins, 8, 55 (No. 252), 1913. 
7. Publications of the Astronomical Society of the Pacific, 36, 225, 1924, and 38, 45, 


1926. 

8. Publications of the Astronomical Observatory of the University of Michigan, 2, 
71, 1916. 

9. The presence of bright iron lines in this spectrum was mentioned by J. S. Plas- 
kett at the Pasadena meeting of the American Astronomical Society in September, 1923. 
A paper by H. H. Plaskett on this spectrum will appear in Volume IV of the Publications 
of the Dominion Astrophysical Observatory. 

10. Publications of the Astronomical Society of the Pacific, 39, 48, 1927. 

11. Z Canis Majoris, B.D.—11°1760.—Miss Cannon’s discovery of the bright 
lines H8 and Hy was announced in Harvard Circular, No. 178. The following remark 
is found in the Henry Draper Catalogue: “The lines HB and Hy are bright. The dark 
lines are very faint, but helium lines are certainly present. The line K is very strong for 
Class B.” In Harvard Circular, No. 225, it is stated that this star is an irregular variable 
and that its light-curve bears some resemblance to that of R Coronae Borealis. 

Spectrograms were obtained at Mount Wilson on October 30, 1925, and January 18, 
1927. A one-prism spectrograph with 1o-inch camera was employed. The magnitude 
of the star on both dates was about 9. 

On the first plate, the hydrogen lines and several enhanced iron lines are bright, 
with broad dark components on their violet sides. The bright iron lines include Ad 4173, 
4179, 4233, 4352, 4385, 4417?, 4451, 4490 (blend), 4508, 4515, 4521 (blend), 4549, 
4556?, 4584, 4629, 4924, 5018. The absorption components are not seen in all cases. 
Feeble bright lines are seen in the positions of the following strong lines in the enhanced 
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titanium spectrum: Ad 4395, 4444, 4469. They probably have the same structure as 
the iron lines. 

On the second plate, the bright lines, especially those of iron, are less intense, while 
the absorption lines of titanium are stronger, twelve or more being measurable. The 
behavior of this spectrum thus in a measure resembles that of the “iron star’ 
XX Ophiuchi (H.D. 161114).1 

The apparent radial velocity corresponding to the displacements of the -bright 
portions of the hydrogen lines is +67 km/sec. From about ten iron lines, it is +45 on 
the first plate, and +75 on the second. The difference probably reflects the relative 
increase in strength of the dark components. It is not certain that any of these results 
represents the actual velocity of the star. 

The dark lines are considerably displaced toward the violet. The measured differ- 
ences between the effective centers of the emission and absorption components of the 
hydrogen lines are as follows: H6, 4.0 A; Hy, 4.3 A; HB, 6.1 A. The iron lines, being less 
intense, give smaller differences. A smooth curve drawn through the scattering points 
plotted from the measured separations of ten iron lines has the following co-ordinates: 
d 4200, 2.7 A; \ 4600, 3.2 A; X 5000, 4.2 A. For both hydrogen and iron, the separations 
are represented approximately by a function varying as the square of the wave-length. 

The apparent position of this star is quite near that of the somewhat similar star 
H.D. 51480,? and not far from H.D. 45677, but this may be a coincidence, as the three 
objects lie close to the central line of the Milky Way. In some respects the spectrum of 
Z Canis Majoris (H.D. 53179) is intermediate between that of H.D. 51480 and of 
Cordoba DM.—27°11944.? 

12. B.D.+14°3887.—The bright Ha line in this spectrum was discovered at Mount 
Wilson from objective-prism photographs.3 Observations with a one-prism slit-spectro- 
graph and 18-inch camera have been obtained on the following dates: September 20, 
1921; July 4, 1923; July 5, 1925. They show only the usual photographic region. The 
spectra are narrow and somewhat under-exposed. 

The bright hydrogen lines are strong, narrow, and apparently symmetrical. Dark 
components are not distinctly visible. Eight or ten bright enhanced lines of iron are 
present. Most of them are weak and appear as uncertain condensations in the narrow 
continuous spectrum. On better photographs, such as those usually obtained for bright- 
er stars, the iron lines would doubtless be rather conspicuous. 

The hydrogen lines, as well as those due to iron, are narrower and stronger than in 
the stars of the normal Be group (Table II). The spectrum is probably the same at 
the times of the three photographs. 

The measured displacements of the bright H8 and Hy lines give, in the mean, +33 
km/sec. for the radial motion. The bright iron lines give +27 km/sec. These values 
doubtless agree within the errors of determination. 


It is difficult to define precisely the distinction between the 
“normal” and “peculiar” Be spectra listed in Tables IT and III, 
respectively. There may or may not be a fundamental difference be- 


t Publications of the Astronomical Society of the Pacific, 38, 45, 1926. 
2 Mt. Wilson Contr., No. 295; Astrophysical Journal, 61, 418, 1925. 
3 Mt. Wilson Contr., No. 294; Astrophysical Journal, 61, 389, 1925. 
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tween the two groups. The normal Be stars are much more close- 
ly related to ordinary dark-line B-type stars than are those of the 
other group. This is evidenced not only by the general appearance 
of the spectra, but by the fact that some of them, e.g., Pleione and 
u Centauri, have changed into ordinary dark-line spectra by the 
fading of the bright lines. This seems to have occurred without 
notable changes in other features of the spectrum or appreciable 
variation of the total light. A number of spectra in the peculiar 
group also have shown variations, but of a different and more com- 
plex nature, which seem, in several instances, to have accompanied 
changes in the integrated brightness. 

It is possible that the stars of the second group have a consider- 
ably lower mean absolute magnitude than those of.the first. The 
apparent magnitudes in Table III average considerably fainter than 
those in Table II. The greater ease of detection of very strong 
bright lines may be partly responsible for this, but the absence of 
apparently bright stars from Table III, as compared with Table IJ, 
suggests a lower intrinsic brightness. Two of the stars in Table III 
are associated with long-period variables whose absolute magnitude 
at maximum is probably about zero. Joy,’ and Merrill and Strém- 
berg? have pointed out that the peculiar bright-line companion of 
o Ceti appears to have an absolute magnitude about +6. Similarly, 
the bright-line star closely associated with R Aquarii$ is several mag- 
nitudes fainter than the variable star at maximum. 


4. NOVAE 


The occurrence of bright lines of ionized iron in the spectra of 
novae is well known. The lines are broad but apparently occupy 
their normal positions. At an early stage they are accompanied by 
dark lines on their violet edges. For a description of the complicated 
changes which these lines undergo, the original memoirs on novae 
spectra must be consulted.4 


* Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 339, 1926. 

2 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 106, 1924. 

3 Publications of the Astronomical Society of the Pacific, 39, 48, 1927. 

4 For example, Nova Geminorum: Stratton, Avmals of the Solar Physics Observa- 
tory, Cambridge, 4, 1, 1920; Wright, Publications of the Lick Observatory, 14, 27, 1926. 
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It is rather curious that the stronger arc lines of iron do not 
occur more frequently in emission in stellar spectra. They are, of 
course, prominent in absorption in the spectra of classes F, G, K, 
M, N, and S, and one might expect them to show in emission more 
frequently than any other iron lines. This is, however, decidedly not 
the case. Two or three of the strongest lines were faintly present in 
emission in the spectrum of XX Ophiuchi (H.D. 161114) when the 
enhanced lines were very strong.’ This and the well-known cases of 
d 4202 and d 4308 in long-period variables are the only observations 
which come to mind. In the outer atmospheres of most stars in 
which conditions favor bright lines, the iron vapor is probably too 
thoroughly ionized to permit neutral lines to show in emission. In 
other cases, the low density of the stellar atmosphere may tend to 
suppress the ordinary arc lines, as in King’s observations of the high- 
current arc in vacuum.? 

Bright lines of the ionized iron atom occur in novae and in stars 
of classes B, G, K, M, and S. They are very rare} except in stars 
near the extremes of the temperature sequence. Their presence is 
probably an indication of high temperature or low density. In all 
stars in which they have been found, the hydrogen lines also are 
bright. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
February 1927 


NOTE ADDED TO PROOF.—Since this paper was written, Mr. Joy has dis- 
covered the existence of bright iron lines in the spectrum of the short-period 
variable W Serpentis (R.A. 194 4™. 1, Dec. —15° 34’), at the time of minimum 
light. 


t Publications of the Astronomical Society of the Pacific, 36, 225, 1924. 

2 [bid., 38, 235, 1926. 

3 Rare, that is, in the integrated light. Doubtless they are freely emitted in certain 
portions of many stars as, for example, in the solar chromosphere. If conditions were 
such as to make the light of the chromosphere sufficiently important in the total radia- 
tion between certain wave-lengths, the sun would then be a bright-iron-line star. 
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THE NEBULOUS ENVELOPE AROUND 
NOVA AQUILAE NO. 3 


By EDWIN HUBBLE anp JOHN CHARLES DUNCAN 


ABSTRACT 

Expanding envelope of Nova Aquilae No. 3 (1918).—Photographs made with the 
too-inch reflector at Mount Wilson show a nebulous disk around the nova, which 
expanded perceptibly during the interval of eleven months covered by the observations. 
Measures at four epochs give a mean diameter of 16"4 corresponding to the mean epoch, 
September 21, 1926. 

This indicates an angular increase in the radius of the expanding disk or shell of 
nebulosity of 1%0 per year, which is consistent with the earlier micrometric measures 
of the visual envelope. A comparison with the linear rate of expansion, 1700 km/sec. 
as derived from early spectrograms, leads to a distance of 360 parsecs; r=0"0028. 

Slilless spectrograms show a strong image of the disk at 4686, slightly weaker 
images at HB, Hy, and H6, and traces at N; and ) 4363. 

The outburst of Nova Aquilae No. 3 (1918) was first observed 
early in June, 1918. By October of the same year, Barnard had de- 
tected and measured a bright nebulous envelope about two-thirds 
of a second of arc in diameter, symmetrically distributed around the 
star. This envelope expanded steadily and gradually faded until it 
could no longer be observed with visual refractors. Both Barnard" 
and Aitken? measured the diameter as long as this could be done with 
confidence. The last-published value is that of Aitken,? 5"o, on July 
7, 1921, some three years after the outburst. 

Photographs with the 1oo-inch reflector at Mount Wilson in the 
early summer of 1926 brought the envelope once more under direct 
observation. It had continued to expand (and probably to grow 
fainter)’ until, at that time, its diameter was about 16”. The enve- 
lope photographs as a uniform disk with a sharp and sensibly circular 
edge. The star is central, as nearly as can be determined. The object 
has the appearance of a planetary nebula in which the central star 
is unusually bright. 

t Astrophysical Journal, 49, 199, 1918; Publications of the Astronomical Society of 
the Pacific, 32, 222, 1920. 

2 Publications of the Astronomical Society of the Pacific, 31, 283, 1919; 32, 231, 1920; 
33, 219, 1921. 


3In July, 1926, the envelope was invisible under favorable conditions at the 
primary focus of the 1oo-inch reflector. 
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Exposures on Eastman 40 plates, ranging from a few seconds 
up to sixty-five minutes, indicate that a limiting exposure of about 
two minutes is necessary to register a trace of the envelope; but that 
once impressed, its diameter does not materially increase with in- 
creasing exposure. On the short exposures there is a slight brighten- 
ing at the rim, consistent with the theory that the envelope is a shell 
of material thrown off from the star at the time of the outburst. The 
limiting exposure corresponds to a surface brightness of the order 
of 19.5 in photographic magnitudes per square second of arc.* This, 
combined with the area, leads to a total magnitude of the order of 
13.8. The central star was estimated as about 10.5. 

The measures of the diameter of the envelope are given below. 
Each value represents the mean of two plates and has a probable 
error of the order of o”2. 


Maysr7 5 TO20 chai e uate aero st 
uly 13, TO20\ Sco eee ete rare 15.9 
DENA TOZORS tinea at teet Ronee 16.4 
ADB TOS cce aera ener ere 17.6 

Mean (Sept. 21, 1926).......... 16.4 


On the assumption that the expansion has proceeded at a uniform 
rate since the initial outburst, the rate of increase in the radius is 
approximately 170 per year. The early visual measures of Barnard 
and of Aitken, with the exception of the last one by Aitken, are con- 
sistent with this interpretation. The discordant measure was made 
in July, 1921, and hence, for a rate of 1%o annually, should have 
given a diameter of about 671. It was in fact about 570. 

Since it is improbable that the velocity of expansion has been 
accelerated since 1921, it seems easier to account for the discrepancy 
as due either to the faintness of the object or to differences in the size 
of the visual and photographic images. In 1920, for instance, the 
light appears to have been largely concentrated in the N, and N, 
images, while in 1926 these were inconspicuous, and most of the light 
came from the Balmer lines of hydrogen and \ 4686. Slitless spectro- 
grams made in August, 1926, at the primary focus of the 100-inch 


*Seares has determined the limiting surface brightness which will register in an 
exposure of one minute on Seed 30 plates with a reflector of focal ratio 1:5, as 18.8+0.3 
pg. mag. per square second. 


146 


PLATE II 


Hs — Hy 4686 Ae 


Nova AQUILAE No. 3 (1918) 


Direct photograph with roo-inch reflector, April 25, 1927. 


Exposure 
45 min. on an Eastman 4o plate. Scale 1 mm=2"r. 


Slitless spectrogram with too-inch reflector, August 2, 1926. Exposure 


3 hrs. on an Eastman 4o plate. Two prisms and 3-inch camera. 


ENVELOPE AROUND NOVA AQUILAE NO. 3 3 


reflector, with the use of two prisms and a 3-inch camera, show 
four distinct images of the envelope. \ 4686 is the strongest and 
is perhaps twice as strong as the equally dense images in H8, Hy, 
and H6. Faint traces of images appear in the region of N,; and of 
d 4363. 

A velocity of expansion of 170 per year corresponds to a distance, 
in parsecs, of 

D=o.211r , 


where ¢ is the radial velocity, in kilometers per second, of the expand- 
ing shell relative to the central star. The radial velocity cannot be 
accurately measured on spectrograms obtainable at present, but 
reasonable values may be derived from the many high-dispersion 
spectra accumulated during the five or six months immediately fol- 
lowing the outburst. The measures at Mount Wilson indicate that, 
after the systematic changes during the first month, the radial veloc- 
ity, as derived from the displacements of metallic absorption lines, 
settled down to a fairly constant value of 1650km/sec.? This velocity 
was maintained from July to November, 1918—as long, in fact, as 
the object could be followed with high dispersion. By the end of 
this period the envelope had already been detected and measured by 
Barnard. 

The Balmer lines of hydrogen appeared as broad emission bands, 
the widths remaining approximately constant at least as late as 
March, 1919.2 The velocities of approach and recession, as repre- 
sented by the violet and the red ends of the bands, were about 1750 
km/sec.,3 and hence of the same order as those derived from the 
absorption lines. Adams has suggested that the emission bands rep- 
resent the expanding envelope and that the absorption lines arise 
from that portion directly in front of the star. 

t This result is derived from unpublished measures made at the Mount Wilson 
Observatory. See, in this connection, Proceedings of the National Academy of Sciences, 
4) 355, 1918. 

2 The Mount Wilson measures have not been published in detail, but, as a sample, 
those for the emission bands in February and March, 1919, may be found in Publications 
of the Astronomical Society of the Pacific, 31, 183, 1919. 

3 Mt. Wilson Communications, No. 55; Proceedings of the National Academy of 
Sciences, 4, 355, 1918; Mt. Wilson Contr., No. 179; Astrophysical Journal, §1, 121, 1920. 


147 c 


4 EDWIN HUBBLE AND JOHN CHARLES DUNCAN 


On this assumption, the radial velocity could be taken from 
either source. The larger values derived from the emission bands are 
more germane to the present problem, but the uncertainties involved 
in the measures suggest that the smaller but more precise values 
represented by the absorption lines may be a closer approximation 
to the actual conditions. The mean of the two, however, is a round 
number, 1700 km/sec., with an uncertainty of the order of 3 per 
cent, and this is sufficient for the purpose. 

The corresponding distance* of Nova Aquilae No. 3, as derived 
from the formula given above, is 


D=360 parsecs , 
mt=07%0028 , 


m—M=7.8 mag. 


The apparent magnitude of the star was about 10.5 before the out- 
burst, and —1.4 at maximum. Hence, from an absolute magnitude 
of +2.7, it flared up to —9.2 and then slowly faded to its original 
luminosity. The diameter of the envelope is now about 6000 astro- 
nomical units, and is increasing at the rate of 360 units per year. 

The results are consistent with the fact that the mean of the 
various trigonometric parallaxes, as determined by the photographic 
method, is small and negative. This indicates that the distance is 
very probably greater than 200 parsecs and hence that the linear 
velocity of expansion is greater than say 1000 km/sec. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILsoNn OBSERVATORY 
April 1927 


ADDENDUM 


While the foregoing account of Nova Aquilae was in press, a 20-minute 
exposure on a fast plate, made by Milton Humason with the 1roo-inch reflector 
on July 20, 1922, came to our attention. No definite indications of a disk could 
be seen, but the size of the image relative to that of the diffraction pattern, when 
compared with other stars on the plate, suggested the possibility of a disk con- 


* Lundmark, in 1922, stated that he had determined the parallax of Nova Aquilae 
No. 3 by this method, and that the result, 0.006, agreed exactly both with the mean of 
the three photographic parallaxes then available and with the value derived from the 
upsilon component of the proper motion (Publications of the Astronomical Society of the 
Pacific, 34, 210, 1922). He gives no further details. 
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cealed by over-exposure. When the plate was reduced by ferrocyanide, the sup- 
position was confirmed; a sharp uniform disk was revealed about the central 
star. 

The measured diameter of the original image, 878, is probably too large 
because of the over-exposure. The diameter after the reduction, 776, is believed 
to be too small because the narrow fringe of fainter nebulosity, apparent on the 
recent plates, was wiped out in the reduction. Although a nice accuracy in this 
matter is scarcely possible, it is significant that, on the obvious hypothesis of 
uniform expansion, the recent observations indicate a diameter for July, 1922, 
of 872, which is exactly midway between the extreme values representing 
measures before and after the reduction. 

Humason’s plate, therefore, is believed to be the earliest direct photograph 
on which the image is definitely recorded; and the diameter at that date was of 
the order of eight seconds of arc. 
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TRANSMISSION PROPERTIES OF SOME FILTERS 
By EDISON PETTIT 
ABSTRACT 


Determination of transmissions —The determinations between 0.23 and 0.45 p 
were made photographically with a 1-m concave grating spectrograph; those to the red 
of } 0.45 » were made with a monochromatic illuminator and vacuum thermocouple. 

Standards of wave-length in the infra-red.—A table of wave-lengths of easily recog- 
nized features of absorption spectra is given for the region ) 0.74 to 2.1 uw, which may be 
used where accuracy greater than o.o1 yp is not required. 

Transmission data.—The transmission curves of 44 filters are given from ) 0.23 
to 2.3 w, and in several cases to greater wave-lengths in the infra-red. 

Photochemical effects —The effect of sunlight on green celluloid, glass, silver, and 
gold films has been studied. Solarized green celluloid is a valuable filter transmitting the 
infra-red with an efficiency of 80-90 per cent, has a sharp cut-off at \ 0.7 w, and trans- 
mits nothing from this point to \ 0.23 u. 

During several years past the writer has had occasion to test the 
properties of transmission of a number of filters in connection with 
measurements of radiation. These have been collected and are given 
here in the form of plotted curves. Gibson" has recently compiled a 
list of such curves, a few of which were re-determined and are in- 
cluded in this collection, since the present results extend much farther 
into the infra-red. As the curves extend from \ 0.2 to 2.3 w and 
beyond, they should be of some interest to those engaged in photog- 


raphy and spectroscopy, in either ultra violet or infra red. 


DETERMINATIONS IN THE ULTRA-VIOLET 


The determination of transmissions to the violet of \ 0.45 « was 
made photographically with a 1-m concave grating ruled by Jacomini 
with shallow lines. This was mounted in Littrow form and was used 
in the first order, giving a dispersion of 17.4 A per millimeter. The 
plateholder was so arranged that fifteen exposures could be put on 
each plate. Cramer contrast plates were used, as the time-intensity 
coefficient is nearly unity. 

The image of an iron arc was projected upon the slit by a quartz 
lens. Exposures of 50 and 20 seconds were made through the filter, 


t Journal of the Optical Society of America, 13, 267, 1926. 
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and exposures of 20 to 1 seconds by steps of 2 seconds were made 
without the filter. The former were cut off the plate and the line 
intensities compared under a magnifier with those of the latter. 
Transmissions from \ 0.45 to 0.23 u were thus obtained with ease. 
In one or two cases a spark between silver electrodes was used 
to extend the transmission curve to the violet of \ 0.23 u. 

For very low transmissions, such as are found in metallic films, 
non-adjustable sectors having factors of 0.10 and 0.05 were used to 
reduce the free exposures. These sectors were 15 inches in diameter 
and were driven at a considerable speed. The geometric and photo- 
metric factors were found to be practically identical. 


DETERMINATIONS IN THE VISUAL AND INFRA-RED REGIONS 


Most of the measurements for wave-lengths greater than 0.45 uw 
were made with a Hilger constant-deviation spectroscope arranged 
as a monochromatic illuminator. The source of radiation was a 
nitrogen lamp of the straight-filament street-lighting type, run with 
30 per cent overload, an image of the filament being formed on the 
first slit by a lens. The radiation from the second slit was focused 
upon one junction of a compensated vacuum-thermocouple by 
means of a convex lens of 1-inch focal length. This arrangement is 
more efficient than a thermopile placed immediately behind the 
second slit, but is somewhat slower. A moving-coil galvanometer 
was used, an image of a filament being projected on a scale, the de- 
flections being kept near 100 mm. 

The widths of the slits were kept the same, being approximately 
0.0015 Xwatho.5 uw, 0.0045 Xuat 1.0 p, 0.008 Xpwat A1.5 w, and 
0.020 Xu at 2.0 uw where yp indicates the wave-length. For wave- 
lengths greater than 2.5 a rocksalt monochromatic illuminator 
was used with concave mirrors throughout. A six-junction ther- 
mopile was employed with this instrument, and the source of ra- 
diation was a heated platinum strip or Nernst glower. 

In both instruments the filter was placed either in front of the 
first slit or behind the second, the change in focus being of no im- 
portance; hence collimation of the light passing through the filter 
was unnecessary. 
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DISPERSION IN THE INFRA RED 


The dispersion curve of the Hilger instrument could not be com- 
puted, as the properties of the glass were unknown, hence standards 
were sought in the infra red. For a first approximation the atmos- 
pheric absorption bands and sodium emission lines were used. After 


TABLE I 
WaAvE-LENGTHS OF THE PRINCIPAL FEATURES OF ABSORPTION SPECTRA 


Thickness 


d Substance in Milli- | Feature | T*@2S™iS- | Figure | Curve 
meters aon 

©.740u....| Didymium 8.8 | Min. 0.05 2 4 
Oe AO ms. 6 Neodymium 5 Min. .03 2 3 
ON 7 Oren Didymium, Neodymium ]|........ Max. EB, OLS mam [areal 
©: 800.055; iNeadymimes 99 Fy | xenac nts Min. een Oe Bory a 
Gs S08 vies Didymuinige = s faeeea ee Min. COL] = |B en Mena ers 
OnO20ne es Neodyinitims ©6009 | ee ane ce Max. ESS ie Gleam see 
Onods aie > IDiGyati bt) Te ee | eae Max. 0S | ees oe Os | east 
OSBO8 05 co. INeGdymaitiine = eet a aes Min. BLO.” | Harsooees emery 
0.880..... DiVati Tee De | ercen ee Min. STB |S ee le nane 
OV 040!. 45 20 10 V slope 70 3 5 
GrOU Srna H,0 Io in. CE eee OW Go. 
Pe OOO ony ws 20 10 R slope O21 Wana Alene 
THOR er Didymium 8.8 | Min ik Ol os cree 
Per Benzol 10 V slope 60 I I 
AMIEL NG ae H.0 Bae) V slope BOy weiner ore as ote 
rhegl eh oer Benzol 10 Min BOD earl accra 
el0On sen Benzol 10 R slope io Rn en enters 
Te226 whe Didymium 8.8 in. BA lua mn | clas ies |lavecvans 
Mattel acta g 20 10 V slope On esperar emcees 
TashO et a. H, 5 V slope 28 2 3 
TUABON ce Benzol Io Min OD lentscretiet rite 
aS ZO tae Didymium 8.8 | Min 71S ee rere ene ic 
Ps0LO-s- 2 - Benzol $e) V slope oe al Nn eee er 
LOGO ey: Benzol 10 Min OF Wins tla o ee 
1.700 Didymium 8.8 | Max [oD Ma ie tke AR 
1.800 Benzol 10 R slope 26>. S|okvcieieralemtae ens 
0020.02 Didymium 8.8 | Min Bare | eerctre| Cera 
DQ 7Oeaie a Benzol Io Max. PA? . “|i Peas 
BeTOO nas th Benzol Io Veslopen lores.) J |Secasnn eerie 


smoothing by a number of determinations, the transmission-curves 
for benzol 1 cm and glycerine 1 cm were run and compared with the 
curves obtained by Coblentz.* 

Figure 1 shows how these curves agree, the dotted curves being 
due to Coblentz. An interesting feature of the curve for benzol is 
the sharp absorption band at \1.135 uw. As the crosses indicate, the 

1 Scientific Papers of the Bureau of Standards, 17, 267, 1922. 
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observations of Coblentz were made on the edges of the band, which 
was therefore drawn much too shallow. This band serves as a con- 
venient standard of wave-length. 

Aside from narrow absorption bands, the edges of wide bands 
with steep sides may be used for calibration purposes. A list of 
standards available in the absorption spectra observed in the course 
of the present work is listed in Table I. The point referred to is in- 
dicated on the corresponding curve by the letter S. The data in 
the table will be useful in securing dispersion curves in the infra red 
where accuracy greater than about 0.01 y is not desired. 


THE TRANSMISSION CURVES 


The curves of similar transmission features have been grouped 
in Figures 1-9. Data concerning each curve appear opposite its 
symbol in the margin of each plot. In the case of solutions of salts, 
the mass of crystalline salt per square centimeter in the optical path 
is given, since the water plays little part in the form of the curve to 
the violet of 1», and the form to the red of this is the typical 
(OH) absorption. 

Table II is a key to the various curves and will assist in identi- 
fication. 


PHOTO-CHEMICAL EFFECTS 


The transmission curve of green celluloid is shown in Figure 4, 
curve 10. This screen, on exposure to sunlight for a period of two 
months, turns nearly black, transmitting only a dull-red light. The 
transmission curve for this solarized green celluloid is practically 
identical with that of ordinary green celluloid in the infra-red from 
Xo.7 to 2.0 uw, the transmission bands in the green 0.50 w and 
ultra-violet \ 0.36 u being completely suppressed.t ‘This solarized 
celluloid forms the only screen, to the writer’s knowledge, which has 
a sharp cut-off at \ 0.7 w, transmits no radiation from this point to 
0.23 uw, and transmits the infra-red beyond \ 0.7 uw with an effi- 
ciency of 80-90 per cent. This should be of interest to those working 
in spectroscopy and photography in the infra red. 


* Publications of the Astronomical Society of the Pacific, 39, 170, 1927. 
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TABLE II 
. Wall 
Thick : 
Filter ; on Cell aes Figure | Curve 
Millimeters meters 
ACEHIC. ACG relaciall tai. nem saree sess Io Quartz | 5 9 37 
ICT CLV SLAM MEAT alates arson oc auctieis eels sls T6050 los oe eee eee a = 
PNET HALtE CA DDOL eran awa aero ein westerns 's [ake carane a a Glassvglt, ease. 7 26 
JNS DING, © sey a aC OTe teen ©.090 | Glass 0.6 7 30 
PROUD La meteor ies Amis tiaint s ica sideciet « Io Quartz | 5 I I 
(Ee ard ENS yk a aan ere BO sce Ei avte cis [ere 7, 29 
Bottle class solarized .. .c.cve.. ce bee's Fee gets ins wash ae c a 
Geli eTCeN ve ceca wierats ease: OSZ 5s Nees secre evs [earn e 4 Io 
Copper ammonium sulphate*.......... 8 Glass 2 3 9 
Eorning Gi74 (TEGO) vteeiweca tac secs as On tier om nots 4 14 
(cae Ga MOVIGL) aremeewem ce cine ZA eY Poa enetnn eaoeal eeotece ee 4 13 
124 J (heat absorbing)........ rg Ald al eae ener eed Pee ae 6 20 
124 J (heat absorbing)......... CUTS A lea see) bic eter 6 21 
G 555 Q (idymium).......... SES we kl Mee seer a an 2 4 
G 585 M (blue-purple ultra). . . alo Oe mitered er trary a 5 16 
G 980 A (ultra-violet clear). ... Fieh ove al Ler geaeniye eal ietergonee 9 46 
Crop Abby (oTreen) See anette. arcs AU GRAM oecaters Loan sane 4 TS. 
G 0985 B (ultra-violet)......... AA OTM saree cia | roe eee 5 17 
UyOles racist tate owe cee ne Seon berate Sa ralenall ive weave bas ¢ 7 a7 
viol 4.25 40 
Givcerne ama aeeh: sci oe ainietiimins teats Be) Quartz | 5 I 2 
(CONE IST beats 208 Garg oar srt OA corse eels Thin | Quartz | 5 6 23 
GOLGI Are tens eiicr scis sare ce bie 5 attra Thick | Quartz | 1 6 24 
COL een acai h satan cies 2 Thick | Quartz | 1 6 25 
films 
Keelandicparer wei sees cates aac sot He Se ee [kes hor Gl antcveer a oe is % 
Wala chiteoreen |iciesicc-cc.ccise senso. 30 Glass 5 3 8 
Microscope cover-glass............... Or LO bal oeereer | ere caer { : re 
Neodymium chloridef................ 5 Glass 2 2 3 
IBHoLorraplicyplaten © eatin «ani uive cee oils s.< «cee « (Glass © tinue eae 7 31 
Photographic plate, Forged © 4.22. .cn ccs. eects (Glass Saeeter ct 7 33 
Photographic plate, Ratio Fogged/Clear|......... LC CED nese. 7 32 
Plate‘glasss. 0. << <b ES Gro bts hee OO Ie tenn) es sie die Srl Ms ae oe 9 40 
PURO Wein SO Wied tac ste rshsiclisis a suakiore nareaes BECOME Ni cae: [eee ene ose 3 4 II 
UK O WARE HOS Gere shes ticritatoes So's. Sica: scree I 2 ol (bread ena) eyes ora tree 4 12 
Quinine sulphate)... ae. cc ee 10 Quartz | 5 9 38 
RHR Seu nee, logins SOR iei ieee eemcet gee evs V 0 ers a ee oats 9 41 
Die rsa eee ere mtd rnaenya cmt carers AUT CKes | Restle crore ner te 9 42 
Shier hrke Ae Gace aoe aeons CHa M a3 (ct -Gen Pewee so] A cee 9 43 
films 
Spencer (heat absorbing) 4110......... Pep OWNS GO OR aH EOC 6 22 
Wale lasstera caters Manca sen cies BAG Om dltatee ec! ettarsrsterers 9 44 
Witenes tec silastic oh Gree See a Io Quartz | 5 2 5 
Witte ra (Old epapretece its, cease ares ceca. Io Glass 0.165 3 6 
Vibe rmRO oie oy ie os cia ranch oie saiGs = rs oSiarsus-ece.< Io Glass 0.165 3 7 
BU Usrer GLE Tie Wirt) Sacer eles sc onc sotetewwsahe heres ces Ae 20 me eee ce ceor 5 19 
WGocisTeer PASS whence clarecianie estos st fy nN Wises cel IAAIPc os eorye 5 18 


* Mass per cm?=17 mg. f Mass per cm?=o.4 mg. 
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Photo-chemical effects of sunlight on glass are especially impor- 
tant in the study of solar radiation. Curve 29, Figure 7, is the trans- 
mission of an ordinary colorless bottle, and curve 28, Figure 7, is the 
transmission of a bottle picked up at the New Dale mining camp in 
the Mojave Desert. The bottle had turned a dark-violet tint, and 
its age may be judged from the fact that this mining camp has been 
abandoned for eleven years. The wave-length of the radiation pro- 
ducing this violet tint must be greater than 0.33 uw approximately, 
since this and a number of other such bottles examined by the writer 
are almost uniformly colored throughout, showing only a slightly 
deeper tint on the side exposed to the sun. It is probable that the 
effect is practically confined to the region \ 0.33 to 0.45 mu, where 
the transmission is high. 

Pieces of window-glass found at the same place showed no tend- 
ency to color; and no specimen of window, plate, or optical glass 
showing this tint has been brought to the writer’s attention. It is 
probable that the violet tint produced by sunlight is due to the man- 
ganese dioxide used to decolorize bottle glass, and does not appear in 
glass not treated with this substance. Such objectives as the Yerkes 
40-inch, and those in the tower telescopes, which are much exposed 
to sunlight, show no trace of color due to solarization. 

That the transmissions of the gold and silver films used in the 
ultra-violet solar radiometer are not affected by sunlight has already 
been pointed out.’ These films are on the inside of the lens cells and 
protected from the air. After a period of more than two-and-a-half 
years these films show no change in transmission between the ex- 
posed portions and that behind the diaphragm, and no trace of 
tarnish. A case of tarnish on silver, apparently due to photo- 
chemical effects, was observed, however, in the coelostat of the 
Snow telescope. A 12-inch diaphragm was put on the 30-inch coelo- 
stat mirror after freshly silvering. After a few days the exposed 
area of the mirror became tarnished a brown color, while the re- 
mainder of the mirror was unafiected. The 24-inch fixed flat, which 
had no diaphragm, also showed tarnish over an area 12 inches in 
diameter where a spot of light from the coelostat was received. This 
tarnish was probably due to insufficient cleaning of the silver film 

t Proceedings of the National Academy of Sciences, 13, 380, 1927. 
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after being deposited, and is not ordinarily seen in mirrors used for 
solar investigations. 

There is a current opinion that a silver film through which the 
sky can be easily seen transmits nearly roo per cent at \ 0.32 mu. 
Such films of chemically deposited and sputtered silver were tested 
and found to transmit only 8 per cent. Curve 41, Figure 9, is for a 
chemically deposited film, so thin that it is nearly colorless, and that 
not only the sky but objects at a distance are easily distinguishable. 
Its transmission at \ 0.32 w is only 48 per cent. There appears to 
be little difference in this respect between chemically deposited and 
sputtered films. 

Visual-light values can be obtained with radiometric apparatus 
by passing the source of light through a combination of green 
celluloid and Corning 124 J, about 4mm thick. The efficiency of 
this screen is only 25-30 per cent, but it may prove useful under 
certain circumstances. ; 


The writer is indebted to Mr. Nicholson for assistance in obtain- 
ing curves 35 and 36, and to Miss Richmond and Miss Ware for 
assistance in the computation of transmissions. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
May 1927 
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ON THE SPECTRA OF DOUBLY AND TREBLY 
IONIZED TITANIUM (Ti ut AND Ti 1) 


By HENRY NORRIS RUSSELL? anp R. J. LANG 


ABSTRACT 


The lines of trebly ionized titanium (itv) are peculiar to the spectrum of the vacuum 
spark. Those of T7 111 appear in the ordinary spark, but are much enhanced in the vacuum 
source. 

31 lines of Ti tv and go lines of Ti 111 have been identified. All of the former and 
most of the latter are new. Tables of wave-lengths and intensities based on plates ob- 
tained at Mount Wilson and Edmonton are given. The wave-lengths range from 5492 to 
423 A. All the lines of 77 rv and all but four of Ti 1m have been classified. 

The spectrum of Ti tv is very regular and consists entirely of doublets, arranged in 
series conforming to the Ritz formula. Twelve lines, of types ranging from S to H, 
have been identified and are tabulated. The 3D term is the lowest, and the ionization 
potential is 43.06 volts. The doublet separations are in excellent agreement with Landé’s 
formula. 

The spectrum of Ti wt includes triplet and singlet terms and is closely analogous to 
that of Sc 1. Nineteen terms, of types ranging from S to G, have been identified. The 
lowest term is of type 3F, followed by *D, 3P, and‘G. The observed terms are in perfect 
agreement with Hund’s theory, arising from the electron configurations (3d)?, 3d+4s, 
3d-4p, 3d-4d, and 4s-4p. The estimated ionization potential is 27.6 volts, with an un- 
certainty not exceeding 1 volt. The ferm separations are again in general agreement 
with Landé’s formula. 

The spectrum of Sc ut is also briefly discussed. One new term is added (5S). All 
the strong lines of the spectrum which have not been observed must lie in the visible 
region. Their predicted positions are given. 

Comparisons are made between the series spectra, K 1, Ca 1, Sc mm, and 77 rv, 
and also Ca 1, Sc u, and 77 111. Moseley’s law as extended to the optical region is fully 


verified—the differences in V y/R being practically constant for similar terms, from one 
spectrum to the next. The identifications of certain doubtful terms are thus confirmed. 


The senior author of this paper has for some time been engaged 
in an analysis of the spectrum of titanium, with the aid of material 
furnished by his colle#fues at the Mount Wilson Observatory. 
During the course of this work, it became evident that certain lines 
must belong to multiply ionized atoms, and a number of multiplets 
of 7i ut were identified. A full analysis of these spectra, however, 
is not possible without observations in the extreme ultra violet; 
and these have been furnished by the work of the junior author. 
The present communication is therefore based upon observations 
made at Mount Wilson by Mr. Anderson and Miss Carter, and at 


t Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 
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the University of Alberta by Mr. Lang, while Mr. Russell is re- 
sponsible for the analysis and discussion. 


I. THE OBSERVATIONS 


The first definite evidence of the existence of lines of titanium 
corresponding to higher stages of ionization than the first was 
found by Miss Carter, in the spectrum of the discharge of a large 
condenser, such as is used in ‘‘exploding”’ fine wires, between elec- 
trodes of metallic titanium in vacuo. The spectrum was photo- 
graphed with a concave grating of 1-m radius, and extends from the 
green to \ 2100. The ordinary spark and arc spectra were taken on 
the same film for comparison. 

Most of the lines in the “hot-spark” spectrum agree with those 
of the ordinary spark (77 11). The stronger arc lines show faintly, 
but are much weaker than in the ordinary spark. Certain lines, how- 
ever, which appear in the latter spectrum—many of them strongly 
—are greatly enhanced in the hot-spark. These lines are completely 
absent from the arc spectrum, in which practically all the lines of 
Ti u are present; and they appear distinctly ‘“‘polar” in the ordinary 
spark. All these properties indicate that these are lines of 77 111, 
which is confirmed by the fact that the strongest ones obviously 
come in three’s, as should be expected in this spectrum. Besides 
these lines, however, the hot-spark shows others, some of them very 
strong, which are absent from the ordinary spark, and form con- 
spicuous pairs. These must belong to 7% Iv. 

These lines are illustrated in Plate III, which shows the third 
order near \ 2500 with the overlapping second order near \ 3750. 
The principal lines of the metal in its four stages of ionization are 
marked on the margins. The differences in their behavior are very 
conspicuous and show how definitely the separation of the successive 
spectra can be made. Another photograph of the hot-spark spec- 
trum taken by Dr. Anderson shows lines of 77 1 and Ti 1v down 
to A 1905. 

This overlaps the region observed at Edmonton with the vacuum 
spectrograph. This instrument has been fully described elsewhere, 
and it may suffice to say that the concave grating has a radius of 

* Journal of the Optical Society of America, 12, 523, 1926. 
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6 feet and 30,000 lines to the inch. The spectra obtained from the 
vacuum spark between electrodes of the best metallic titanium 
available showed the lines of silicon more strongly than those of 
the metal; but the former have been eliminated by comparison with 
the spectrum of the silicon spark, and other impurities were similarly 
eliminated. The remaining lines may be ascribed with some confi- 
dence to titanium. The strongest of them have been identified as 
belonging to 7z m1 or Ti Iv; but the majority of the lines remain 
unclassified, and it is probable that most of these belong to 77 v, 
which, like Ca 11, should be a very complex spectrum resembling 
that of argon. This spectrum is illustrated in Plate IV. 

The measures on the Edmonton spectrograms were made by 
Lang, using the standards recently determined by Smith and Lang.’ 
From the agreement of the observed frequency differences with those 
derived from the analysis of the spectrum, it appears that the prob- 
able error of a measured wave-length is approximately +0.02 A 
(see below). For the longer wave-lengths, Exner and Haschek’s 
measures are available for many lines of 7% 111, which appear in the 
ordinary spark. Some of these lines have been remeasured; and 
many new lines of 77 m1 and 77% Iv have been measured for the 
first time, by Mr. Russell on positive enlargements of the Mount 
Wilson films. The probable error of the resulting wave-lengths 
appears to be about to.o1 A. 


2. THE SPECTRUM OF THE TREBLY IONIZED ATOM (7% IV) 


In discussing the results, it is well to begin with the simplest 
spectrum, which is that corresponding to the highest degree of 
ionization. From theoretical considerations, this should be of the 
“stripped-atom” type. All the terms should be doublets, and 
should be arranged in normal series, closely following the Ritz 
formula. 

The lowest terms in this spectrum were discovered by Gibbs and 
White.? The base level is a 7D term, and the next a ‘S term, both 
of which combine with a higher ?P term. The lines of the correspond- 
ing groups are conspicuous on the Edmonton photographs, as are 

t Physical Review, 28, 36, 1926. 

2 Proceedings of the National Academy of Sciences, 12, 600, 1926. 
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also two other groups which evidently arise from combinations 
between the ?P term and higher-lying 7S and 7D terms. The strong 
pair shown on the Mount Wilson photograph in Plate III have proved 
to arise from a transition from the new 7D term to a ?F term, and 
other combinations revealed the existence of several higher levels. 
Three S terms, two P’s, four D’s, one F, one G, and two H’s were 
finally identified. Most of the new lines are in the region accessible 
with ordinary instruments; but the important pair, 3D—4F, are 
in the extreme ultra violet. Their computed positions, which can 
be very accurately found by the aid of other combinations, are 
at AX 424.18, 423.50. Lines have been observed at » 424.28 and 
d 423.58, and these are evidently the pair in question, the systematic 
discordance of 0.09 A being explicable by the lack of good standards 
in the region. This pair, and also the groups 4P—55S and 4P—4D, 
were independently identified by Mr. Stanley Smith, to whom we 
are indebted for the measures of these two lines. 
The S terms are exactly represented by the Ritz formula 


mS = 16R/{m—1 .38265—2.55X107-7(mS) }? , 
where m=4, 5, 6. The term values referred to the limit of this 


series, with the Rydberg denominators, n*, are given in Table I. 


TABLE I 


Serres TERMS FOR Ji Iv 


n* n* n* 
7. 268439 .2 2.5568 3Ds....| 348433.5 2.2442 4F,....| 112685 .3 3-9463 
S ae 384.3 .OOITQ 72 00012 
BW are <0 | 136422.0 3.5866 3D2....| 348817 .8 2.2430 4F;....| 112692.5 3.9462 
Gone 5 = | 820982.0 4.5986 4D3....] 151937 -3 3.3085 5G....] 70316.7 4.9056 
} 85.7 .00005 
AV asecae | sp 2.8238 4Dz....] 152023.0 3.3075 6H....| 48805.3 5.9964 
: .00534 
even es 220005 .3 2.8185 5D;....| 89951. 4.4179 7H....| 25844.3 6.9970 
39-5 +00007 
BE inves | 117904.4 3.8580 5Dz....} 89990.6 4.4169 
315.8 .00522 
[4 Rr ee 118220.2 3.8528 


The spectrum is extremely regular in its structure. The differ- 
ences of the denominator m* for the successive pairs of terms of 
the same series are very nearly equal, as they should be, and the 
quantum defects for the “hydrogenic” G and H terms are very 
small. The terms 6H and 7H are each determined from only a single 


170 


DOUBLY AND TREBLY IONIZED TITANIUM 


darays 
v'zLyre 
(0) 


ipa 635i L399 
PY rrS31z (6 °SLEzb L-39€zr stig oiess 
(£) () 
OTN Wee CN ey . 6°10 
ace eee eaee 9 zolzz 


Sof 


Lock 


(8) 


el6e 


Rarer ‘tqy 
uasarein nares Eqr 
6°0f 
o'ofLgz1 bistia\slierh alate zqe 
(01) 
9°9v 
9 OvVEgzI see tars Ae Ce 
(ez); J 
6 ‘to 
ON CORE AI (eee ei mcnEa 
(0) 
6°v9 
S -vg9eg ceee Tee Tels) 
(5) 
Bes 
z ‘7Slov Fie) 610 4) -oeim: . FAS 
($1) 


, eer, 0732S 6°ze 

: GS Svz6F bzSz6e b'zlove 

2) (22) (8) 

Sas eine Sean eye epall se Sue», hie em eee! bis Szr sane 0 6 @e'\s es 2 Weel es 2 ee Wi See eae . OW Eaae Le RP, Cor 

ee) 218 eS ee Sete | > ww Bo Re be ew SRS £g0gfz is) eps eae B (L6S0&z) (£16082) o-CroOLer 

aie ale ie ee . apy eh) eee eh, . . . (£) ee Si Sia el win) eee ee 8) Oe el Ae ee or Ren ee ee (02) 

eee eee eee . Cee ee “+ . “+ . . gbl a Fae eo whe see . see eee one ee 

ee) . . eee . (able) b69SEz Be ey oe ete hava) te soe . “(LeS08e) . . . 

ee eae Ota igs . + * oe ed Sua) ple) s) ete (¥) . we 6 pie 2 Oe whe eye Te Te . ee ores e rutin 
z “gf Vt se eee ee . . . 
P'QezSe z*tzOve -(€e6480) 
(uo) (ut) see ewes 
‘IO g £1 €°SQ 
Q'I1ozgr 9 LxSgr 6 ‘Sgbrg 

(9) () (S) 

eee . . os ale ees 8 14 4 6 5's oe oa oe . 26.6 (6 ate eee eee +. * Os) 0) oO 0s 6 8) e'a ih hos 6 “oo 

Stele e ae 6 © bls a's wie . . ae al ae ee wre's C61 @ Ble Mew 0)'e, 6's 5,6) 88) ee, eccona (SEsorz) I “PSSLP 

eee ee eee . wae rey PG) 0 aoe owe ce . see sete - Cee ee ee OE 6 so ps w (01) 

H4 H9 ‘av ‘a? *d8 ras tay 


AI 4 IO SLATAILTOZL 


Tl WIDVL 


171 


6 HENRY NORRIS RUSSELL AND R. J. LANG 


line, but their excellent agreement with the values which are to be 
anticipated is sufficient evidence of their reality. 

All the series are nearly Ritzian. The expression 0.4443 — 3.00 X 
to~’ (mD) has the values 0.3398, 0.3987, 0.4173, for the three D 
terms, so that the limit found from the last two, ignoring the first 


TABLE III 
IDENTIFIED LinEs oF Ti IV 


ALA. Int. v Designation 
Air 
GRO AEM 5 conser A (6) 18201.8 5Sr—5Py 
ROSAS ocr ee crn (8) 18517.6 5S1—5P2 
AGATE AOR a Smet eer: (3) 2ISII.4 5G—6H 
BAGS BA Fanart seers (2) 22702.6 4F,—5D, 
AS0V SCs (2) 22734.5 4F4—5D; 
BEuOL Ad era eee (4) 27952.8 5P2—sD, 
GRATMAN Rey ed inane (3) 28229.1 5Pr:—s5D2 
DOR ROR NaN win pone (4) 33802. 5 4D.—5P; 
QO STIR en aie 1a (5) 34032.4 4D;—5P.2 
ZOROR TA na ee (x) 34118.1 4D2.—5P2 
2O0G OSs hae nes: (o) 34472.4 5G —7H 
BOOINOT eye eee (zn) 34922.2 5P2—6S; 
ASSO JOBS ate see cc (on) 35238.4 5Pr—6S: 
DEAT 30 sateen cme (3) 390245.5 4D3;—4F;, 
DAC TOR este ses ae (12) 30252.4 4D;—4F, 
BEA Day Reina sere (8) 39331. 1 4D2.—4F, 
AESORET Nn Me estmieen (5) 42368. 7 4F,—5G 
PETA sie, Reh deen APR OIE (5) 42375.9 4F,—5G 
Vacuum 

QTOGR Rae ee (10) 47534.1 45;—4P, 
BOOS pUOs ts ar mieee hes (15) 48352. 2 491—4P2 
TACO a Site eraerihie oats (15) 68063. 7 4P2—4D, 
PAO SO Se ee ete At ae (30) 68150.0 4P,—4D, 
SES 5 recone oe a (30) 68882. 3 4P;—4D, 
TOR hee ee (5) 83664. 5 4P2—55Sx 
TS sOgeaset inte oe (5 84485.9 4Py—551 
{oh Ry sock BE (20) 127913.3 3D2—4P, 
PTT) Aree ard aencve At = (20) 128346.6 3D;—4P.2 
CHA ROe Oeiee eer renee (10) 128730.0 3D.—4P, 
FAQs SO wearer see (o) 137100.9 4P2—6S, 
APA LO ee ek eect (3) 235094 3D3;—4F, 
422008 Ree eee yi (4) 236083 3D;—4F; 


term, would agree very closely with that given by the S series. The 
normal state, 3D, is at a considerably lower level than the formula 
derived from the rest of the series would indicate, as happens often 
in other similar series. It is evident that all the series have the same 
limit, which should be determined with a probable uncertainty of 
only about 20 frequency units. The normal state of the trebly 
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ionized atom corresponds to the 37D, term, and the ionization po- 
tential is 43.06 volts. 

The observed combinations between these terms are listed in 
Table II, which gives the wave-numbers alone, as the wave-lengths 
are found in Table III. The intensity of each line is given in pa- 
rentheses above the observed wave-number, while the last three fig- 
ures of the wave-number, computed from the data of Table I, are 
given below it. The computed wave-numbers of a few lines which 
have not been observed are given in parentheses. 

It is noteworthy that no long series have been found. Only the 
leading member of the series which corresponds to transitions be- 
tween a given level and the higher levels is strong; the next, if ob- 
servable, is weak. This is a well-known characteristic of the vacuum 
spark. 

A complete list of the lines which have been identified by their 
series relations as belonging to 77 Iv is given in Table III. Certain 
other lines which appear in the hot-spark and may belong to this 
spectrum, but cannot be definitely identified, are listed in Table X. 


3. A NOTE ON Sc I 


The ultimate lines of Sc m1 have been detected by Gibbs and 
White,’ and additional lines have been found by Stanley Smith? 
on plates taken by one of us. His identification of the group near 
d 2000 as 4P—4D rather than 4P—5S appears to be correct. The 
term values which he gives are derived on the assumption that 
4F =62,570, corresponding to the Rydberg denominator 3.9720. 
The corresponding denominators for K 1, Ca u, and 77 Iv are 
3.9930, 3.9801, and 3.9463. Smith’s value was obtained by extra- 
polation from the first two of these; now that the last is known, 
interpolation gives the presumably more accurate value 3.9640, 
whence 4F = 62,822, so that all his term values may be increased by 
250, a hardly significant correction. The resulting term values and 
Rydberg denominators are entered in Table IV, and also the values 
for other terms not yet observed, but predicted as follows. The 
denominators n* for K 1, Ca u, and 77 Iv are accurately known, 

t Proceedings of National Academy of Sciences, 12, 598, 1920. 

2 Tbid., 13, 66, 1927. 
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and hence the differences of the fractional part of their values for 
the successive terms of the same series (which depend upon the 
“Ritz correction”). These differences are small and run smoothly 
so that they can be interpolated for Sc mt with considerable confi- 
dence, as shown below where the estimated values are in parentheses. 


Ki Cau Sem Ti Iv 
BO Sem AS eh ee meiwicie nether +o.0309 +0. 0322 +o. 0304 +o. 0204 
hoy ae te pe aA OS eas tac . 0090 0126 (eng .O120 
BP —ARy cede ose aoe fos08 . 0362 (eos) . 0342 
(6 BI a Se reas Sed cae eee -+ .0095 .0126 CY fora) Bil) see eee 
71ND ical BYR ome a OS RTP O50) . 0461 nn 02 .1543 
DAD) 5 sate Wiuelene ett cvaiete oig .0280 . 0071 ( .022) .| -+o.or94 
ODF 81) Heheis deen. tas ee . 0130 + .0031 (EB Ont) Keene 


BE RAL pene ase insect un ae —o0.0028 —0.0035 (0. CO8) Tilac mean eee 


In this way it was predicted that the value of m* for 5S should 
be 3.420+0.002 and the term itself 84,g00+ 100. This leads to the 
identification of 4P,.—5S as 1912.48 (intensity 2) for which 
nm = 52,288, making 5S = 84,829. 

There is also a line of intensity 2 on the scandium plates at 
1895.33 (n=52761.3), which appears with equal intensity in the 
spectrum of silicon, and faintly in that of titanium. It is in exactly 
the right place for 4P,;—55S, and is probably a blend of a scandium 
line with some impurity. 

We then have the results shown in Table IV. 


TABLE IV 
OBSERVED AND PREDICTED TERMS OF Sc III 


Observed n* Predicted n* 

AS See eee 174150.3 2.3808 OSieee ae 50440 4.424 
(Ae orate 84829. 2 3-4112 (der pees ne 71330 3.720 
AV Mosse F370 07_ 1 2.6831 ft een ore 71510 Bays 

473-7 . 0046 Fd Oe coe 51410 4.382 
Dr ete Sr ese 137590.8 2.6785 lB ee ats 51430 4.381+ 
BD soccsewee I99495.5 2.2244 PA ete ee 40140 4.959 

197.5 . OOIIO EC near 39500 4.995 
ADRS A aeaat 199693.0 2.2233 
7 DS ena 87393.8 3.3601 

45.0 . 00086 

vd Ds aaa 87438.8 3.3592 
ae 62822.0 3.9040 
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The combinations of the predicted terms with the low terms 
give lines in the far ultra-violet, which, from the well-known 
properties of the vacuum spark, might be expected to be very faint. 
They have not been found. Judged by the analogy of 77 Iv, the 
lines in the visible region should be much stronger. Those which 
might be expected to appear are, in the order of their probable in- 
tensity, 


ES en Lee ein See Petibies cn aera a8 7406, 7506 

AN DERI EE i Potro rare ey ie oaict eee 6223, 6276, 6206 
7. OPT Cs Ra ee 42098 (close double) 
EARL) 8 eer uate etag ees area wena a AS 5018, 4978, 5023 

7 id DN ae Se Athan yh aE 8762, 8777 


It is noteworthy that all these lines lie in the visible region, and 
about half of them in the red. 


4. COMPARISON OF K 1, Ca u1, Sc m1, Tz Iv, ETC. 


It is well known that the term values in atomic systems which 
contain the same number of electrons exhibit marked regularities. 

The values of V »/R (where R is the Rydberg constant, and y 
any given spectroscopic term, referred to the limit of the series to 
which it belongs) form an arithmetical progression for successive 
atoms in order of atomic number. 

The constant difference in this progression is nearly the same for 
all terms involving an electron of the same total quantum number; 
whence it follows that the wave-numbers of lines corresponding to 
transitions of an electron between two orbits of the same total 
quantum number will themselves be in arithmetical progression with 
increasing atomic number (which is the irregular doublet law). 

A thorough test of these relations can be made by comparison 
of terms from successive spectra K I', Ca m1’, Sc m1, and Ji 1v. The 
values of V y/R for such terms as have been identified in Ti 1v are 
given in Table V with the differences A between each spectrum and 
the next. 

The terms are arranged in order of their total quantum numbers, 


t Fowler, Report on Series in Line Spectra (London, 1922). 


2 Saunders and Russell, Astrophysical Journal, 62, 1, 1925. 
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according to Bohr’s theory of atomic structure, and the means of 
the two components of the double terms are taken. ‘ 
Certain values of vy which have not been observed, but can be 
rather accurately estimated (including those in Sc m1, discussed 
above), are given in parentheses in the table, as are the differences 
involving them. The differences in V y/R are not constant, but 
run very smoothly. For V v, for which the data given by Gibbs 


TABLE V 
VALUES OF V y/R 


Term eee Diff. Cau Diff. Se m1 Diff. Ti Diff. Vv 
BU sevaicts dies uke | 0.350 0.535 0.865 0.484 1.349 0.434 T4783 |eO, 407 2.190 
eg ee -565 -360 -034 .326 1.260 +305 1.565 .202 1.857 
Fi eh are ae | -448 pana . 801 mc de) 1.120 .298 1.418 | (0.288) 1.706 
A) iets weteere kala’ | 263 +334 -597 206 0.803 284 Ti T7.7, || roo ccaustes | tates are 
BBR aaa neti eae | 250 .252 .50 255 757 257 TODA Psietstapssave e:lloecamreniete 
ye Se ear mace | 357 .273 .630 250 .880 235 TTLE secs Acletele cee 
Ly cee eens 306 .260 -566 | ( .242) | ( .808) | ( .229) E097 |S, Saree hemacenaene 
{ike Renee 210 .248 .458 aa7 | ( .683) 1 ( .820) 1 O.908 eras welocmas ane 
ct eae Sean Seer 200 .202 AOR WS ake er ble Saccen Wain Placer See eel Whe miei irce [teleta area recs te akan 
ri ee Ree eerie 200 .200 | ( .400)]} ( .200) | ( .600) | ( .201) SSOD |p drareccee revel lly ieeatesere 
CSc teeter 263 -204 .467 | (0.210) | (0.677) | (0.193) 8704 | Nese eral lneminnctee 
BE orca eal 234 .206 pAMO® |e yainszrale Fed |leveia's statooms|lsvereie1 nl eiiel| arebeksteiete /[ianetataia os ail Soret etaaet ate 
OD Sear ae 174 -198 ATR «Ne oie vaiaiere,d [isin eisvernleil ace eceria aiid wvalesore ery wll ereteis erent eet ecennr ete 
01 |e ee ae eae 167 0.167 ROSA UDadiea cas [s co's etals alm ance sip scellisetate aie pir | ate einiteeed ls ohana 
ESS Speen hee wie onlig ee aes QLBSS. Ce avacalorelull axe eeu taset cit | as et dra ce ann teva felaus Gherel] ol ccaae ted aye] oneavatenatene 
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and White suffice only to determine the differences of the terms 3D, 
4S, 4P, the mean value of the last-named term has been derived on 
the assumption that the difference of V y/R was the same as the 
mean value for the two preceding difference columns. This gives 
4P,=318,567, 4P:=319,833, 45 = 378,113, 4D;= 525,613 5D.= 
526,250. The differences of V y/R for 3D and 4S can then be deter- 
mined, and fit smoothly into the scheme. The identification of 
further terms in this spectrum is much to be desired. 

The pairs 45—4P have been identified by Gibbs and White™ for 
Cr vi and Mn vu. On taking the mean of the two lines (as above) 
and estimating the values of V v/R for 4P as 1.996 and 2.286, by 
adding the difference o.290 twice more, the resulting values for 4S 
are found to be 2.149 and 2.442, giving two new horizontal differ- 
ences of 292 and 293, which fit perfectly into the scheme. This 
means, however, only that the irregular doublet law is closely fol- 
lowed, as Gibbs and White have already pointed out. 

* Proceedings of the National Academy of Sciences, 12, 676, 1926. 

176 


DOUBLY AND TREBLY IONIZED TITANIUM II 


For the separation Av of the components of a doublet term, two 
formulae have been given. The first is the “regular doublet law,” 
extended to the optical region by Millikan and Bowen.’ According 
to this Av= K(Z-—s)*, where K has the value 0.0456 for 4P terms, 
0.0234 for 5P, 0.036 for 3D, 0.0152 for 4D, and 0.0076 for 4F, and s 
is a screening constant, which may be expected to be roughly con- 
stant, decreasing slowly along any given series of “‘stripped atoms.”’ 

Gibbs and White have given the values of s for the 4P terms, 
and those computed from the formulae for other terms are added 
here: 


Ki Ca 11 Se m1 Ti Iv Vv Cr vi Mn vu 
Aiea ci is Bete 13.04 II.64 | 10.91 10. 43 10.09 9.85 0.75 
(oa Bey Be ee Tey Om Tr eA Cutt (ie O-2)) | Nene Tat 2H eoaeno ieee SoS e yell!) een 
GAD alee creme 16.04 13) SOn 12-40 11.84 PRO AD gern sehen eects 
HAD ha. coe rce se rca) Rae re THaUss | TS. Ox ES AFD etocton costs |eicie meters | arnereraeere 
A nan cee gere ra reyel| bs steveerenveell ach dice enacts ooieus os nt Fhe oo WA ete rn te ne tard lie OTC 


The screening numbers s are of the same order of magnitude, 
but the differences among them are considerable, and correspond to 
very much greater proportional differences in the values of Ap. 

The second law of separation is that suggested by Landé, and 
since then found to be deducible from the theory of the spinning 
electron. It may be written 

: Ape RatleZi 
K(K-+1)n*3? 


where & and a have their usual meanings, K=1 for P terms, 2 for 
D terms, etc., m* is the Rydberg denominator, Z, is the effective 
nuclear charge for the outer part of the electron orbit, and is r for 
the neutral atom, 2 for the singly ionized atom, etc., and Z; is the 
effective charge for the inner part of the orbit (which may be written 
in the form Z—s, where s is a new screening constant). The corre- 
sponding differences in the Rydberg denominator are given by the 
much simpler formula 
a?Z; 
~ 2K (K-+1)’ 


(a?=5.31 X1075). This difference should therefore be constant. 


An 


t Physical Review, 24, 209-233, 1924. 
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The values of An are actually nearly constant for each series in 
K 1, Ca nu, and 77% 1, so far as they have been observed. For the 
other stripped atoms of this series only the values for the leading 
terms are known, and therefore the values for these terms alone are 
tabulated below, with the resulting values of s. 2. 

In determining Aw for the last three spectra, the values of V v/ R 
derived above have been used. 


TABLE VI 


DovuBLeT SEPARATIONS 


Kt Cau Sc m1 Ti Vv Cr vi Mn var 
4P: 
IND petra iy ea 222.8 | 473.8 | 818.4 | 1265 1822 2465 
TOP AM. aisste cia 205 392 486 524 560 592 618 
Zi 14.9 bel: Oe 19.9 20.6 Pata tit 2020 
Sate csieyetote esse 4.1 2.8 1.9 OR 2.4 2.9 nd: 
ai): 
Ay are 60.8 197 384.5 6371 | |irerctarhe ral ieretersnceere 
LOA. «sles 5.0 2 86 rie 119 E358 ol eitterrevatete | ectener rare 
Zi 8.1 vgLies 16.0 16.4 1 eee a hegeanan eon loleesies Gea cee 
Sree etnies 10.9 8.3 5.0 5.6 5 4 ©) |ltelertenaratera || auetereteretens 
4F: 
Tat Sete vene tard (ee ae, ares racer or Hacc AS Tx S| aves atahaper et leap aeoree rate terete ter tet 
PR CE SN In [Enema leape Pera) raters (PMB scesgs bP R  leecneerc cs aero o pad. [t2ccnae cid 
Le ee i Nee he PA SES Sek I 'Ac | siete torawtelers | sk stanay eonsen ic okeenervers 
See ate Nee hae Re Lier op Mea ea CORES TAO |W ah coen cet [eee oe aie: | Renee ene 


For the P terms the values of s are remarkably steady and run 
very smoothly. In this case, the tabulated numbers are the differ- 
ences of two rather large quantities, and the inequality of their 
values corresponds to far less percentage difference in the doublet 
separations than in the case of the other formula. When it is further 
considered that Landé has shown" that his formula represents all 
the doublets in the arc and spark spectra of alkali-like structure 
from Li to Rat, with values of s ranging only from 2 to about 8, it is 
evident that it gives really a remarkable approximation to the 
truth. 

Why it is better than the “relativity doublet” formula becomes 
clear when it is considered that the latter is derived on the assump- 
tion that the electron moves throughout its orbit in a Coulomb field 
of intensity corresponding to the nuclear charge Z—s, while Landé’s 

t Zeitschrift fiir Physik, 25, 46, 1924. 
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formula is based on the assumption of an effective charge of differ- 
ent amounts Z; and Z, in the inner and outer parts of the orbit. 
As several simplifying assumptions were made in deriving it, it is 
not to be expected that s should come out exactly the same in all 
cases. 

For the D terms the values of s are greater, which might be 
expected, as the d orbits do not penetrate so deeply into the atomic 
structure. The screening appears to be exceptionally great in the 
case of potassium, giving a very narrow doublet. This may well be 
connected with the small quantum defect and the nearly hydrogenic 
character of the 3d orbit in this atom. The screening for the 4F 
term, in the single case where this is known, is still greater. 


5. THE SPECTRUM OF DOUBLY IONIZED TITANIUM (77% I) 


The conspicuous groups near \ 2500, two of which are shown in 
Plate ITI, are evidently due to 77 ut. The stronger lines are given by 
Exner and Haschek; a number of weaker ones were added from the 
Mount Wilson plates. With the aid of these, multiplets were found 
corresponding to transitions from a *D term to a triad of terms ’P, 
3—)’, 3F. The strong isolated line at \ 2985 was identified as a'*D —"D’ 
combination, and a few faint intersystem combinations were located. 

On theoretical grounds, there was reason to anticipate the exist- 
ence of 3P’ and 3F’ terms, lower than the 3D, and combining with 
the P, D’, F triad. The corresponding multiplets were easily found 
in the list of lines measured at Edmonton. Two of the three strong- 
est lines of the group *F’—3D’ are too close to resolve even in the 
second order, and the third falls just upon the strongest line of a 
multiplet of silicon (which shows strongly as an impurity in the 
titanium). Comparisons with the spectrum of pure silicon, however, 
show that the line in question is considerably strengthened when 
titanium is present. 

This completes the list of easily recognizable multiplets; but fur- 
ther progress was made by comparison with the very similar spec- 
trum of Sc 1,1 aided by the values of V v/R for this spectrum and 
for Ca 1. In this way a considerable group of lines lying between 
\ 1700 and \ 1960 was assorted into multiplets corresponding to 

t Russell and Meggers, Scientific Papers of the Bureau of Standards (in press). 
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transitions from the 3P, *D’, °F triad, to a higher-lying ‘“‘pentad” 
of terms 3S, 3P’, 3D, 3F’, 5G, while a group of faint lines near \ 1000 
was identified as a 3D —3P multiplet like that near \ 2500 in Sc u. 
In addition to these, a few lines which could not be identified by the 
combination principle have been classified with the aid of the values 
of V »/R. In most cases this identification is practically certain. 
In a few, where it is more doubtful, the corresponding terms are 
marked with a colon in the list. The arguments in favor of these 
identifications are given in section 7. 

Table VII gives a list of all the terms which have thus been 
identified, and shows with what other terms they have been observed 
to combine. The term values are counted upward from the lowest- 
known level, 8F{, which is doubtless the lowest for the atom in this 
state of ionization. 

The multiplets resulting from the combinations of these terms 
are given in Table VIII, which is arranged like Table II. In some 
cases a line which is believed to be a blend is listed in more than one 
place. 

The multiplets arising from combinations between the low terms 
and the middle triad are strong, and all the predicted lines of im- 
portance are observed, except for some blends too close to be re- 
solvable. The groups arising from transitions from the middle triad 
to the higher levels are faint and incomplete—so much so, indeed, 
that, if nothing but the data of Table VIII were available, the reality 
of the term b*D would be very doubtful. Strong confirmation of the 
arrangement given above is found, however, by comparison with an 
exactly similar group of multiplets in Sc 11, which are much stronger, 
and substantially complete, so that their interpretation cannot be 
doubted. 

The energy levels of the leading components of the five terms in- 
volved, relative to *G; as origin, and the separations of the com- 
ponents of the terms, are as follows: 


EET eee iy ween ee 3G 3h’ 3D 3p’ 38 
Level Se 1 4 jeoo:cs ° 3072 —454 4250 616 
Seevelolo Tih eee ° 3901 547 6251 3275 
Separation Sc .....108.8, 81.3 83.3, 70.5 72.4,54.4 50.1,31.2 .... 
Separation Ti M1 ....216.7,159.7 164.0,143.5 145.6,.... 121.7,58.9 ... 
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The relative levels of the five terms oscillate in just the same way, 
while the component separations are in all cases very nearly twice 
as great for Tz 1 as for Sc u. The similarity of the two sets of 


Desig Level 
CS Oe eae 0.0 
183.7 
1 Oa 183.7 
238.2 
Be ores tes 421.9 
aD. 8472.6 
OB Pee ete ae 10530. 4 
67.1 
CA el eer 10603. 5 
II7.6 
CN tals orange I0721.1 
BD ores ies I4052.7? 
Eid Cracrnines 14398. 5 
a3Dy...... 38063. 50 
134.48 
COD) + eee 38197.98 
227.21 
BD sce 38425.19 
bi ee 41703.65 
rd Daa ae 75197-43 
POY so Sac 76999. 70 
166.95 
TD ae 77166. 65 
257-55 
BSD eeenies 77424. 20 
D2 Goenee 77421. 48 
324.70 
Bees es 77746.18 
412.53 
BSE. ce ote 78158. 71 


TABLE VII 
TERMS OF 77 II 


Combinations 


aD’, a3 F 


atP, atD’, atF 
a3D/ 
a3P, a3D’, a3 F 


atP, a3P? 
ak 


a3P, b3P, a3D’ 
asF, atD’ 


atP, a™D’, a'F 
a3P, a3D’, a3 F 


atD, b'D, a3D 


a3P’, b3P’, a3D, 
b3D, a3F’, b3F’ 


atD, b'D 


a3P’, a8D, a3F’ 
bsF’, a3G, btD 


Desig. 


PYG) ee ene 
A} CR Dt 
ASP akon 
Ebel eae 3 
aE pos sae 
G3. ... 
a3G,.... 


bea ecee 


133373 - 
135543- 
58 


135602. 
Tai. 


HN RQ VWONHD 


Combinations 


a3S, a3P’, b3P’ 
a3D, btD 


a'D 
atD 
ak 


a3D’ 


a3P 
a3D’, a3F 


a3P, a3D’ 


a3D 


terms would therefore appear to be beyond question. The faint 
multiplet a3D —b%P was found by means of the differences in V»/R 


from corresponding terms in Sc 1 and Ca 1. 
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Of the singlet terms, b'D and a‘D’ are confirmed by several 
intercombinations. There should be *P and ‘F terms to complete 
the triad, and, by analogy with Sc 1, these should combine with 
b'D and give strong lines not far from \ 2400. Two strong lines of 
Ti ur occur at d 2414 and \ 2375, and nothing else remains un- 
accounted for in this part of the spectrum. There is a second *D 
term in Sc u, intermediate in level between the *F’ and 3P’ terms, 
and related to them. The corresponding term in 7% 11 should be 
much lower than that already found, and should combine with a*P 
more strongly than with atF. After some searching, this was found. 
It combines with a™P, a™D’, a'F, and a3Dj. The first combination 
gives a strong line at \ 1327.61, which was accidentally omitted from 
the original list, but is clearly due to titanium, as is confirmed by the 
close agreement of the observed and calculated positions. 

A’G term appears in Sc 1, at a little higher level than a3P’ which 
combines with the *F term to give a very strong line. The strong 
unclassified line of 77 at \ 1455 probably represents the same com- 
bination in 7% m1. Though no other combinations with this level 
have been found, its reality is confirmed by the test depending on 
V v/R (see below). A low *S term is also present in Sc if combining 
with a'P and a’P, to give rather faint lines. Two lines at \ 1495 
and 1433 show the right frequency difference, and about the 
right relative intensity. They have been inserted in the table, but 
are marked with a question, for the agreement may be accidental, 
and the resulting term value lies higher than might be expected. 

All the stronger vacuum-spark lines of titanium have now been 
accounted for as belonging to 77 m1 or 7i tv. About 120 additional 
lines have been observed, of which only 11 have estimated intensi- 
ties greater than 4. The three strongest are of intensity ro. Most, if 
not all, of these lines are probably due to 77 v. 

Table [X gives all the lines which are known to belong to 77 m1, 
including a few not appearing in the foregoing analysis, which are 
identified by their behavior in the spark and hot-spark. The wave- 
lengths shorter than 2000 are from measures by the authors (al- 
most all by Mr. Lang) on the Edmonton plates. For the longer 
wave-lengths, those marked (**) have been measured for the first 
time on the Mount Wilson plates, and those marked (*) remeas- 
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TABLE IX 


Lines oF TITANIUM IIT 


Int. 
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23715. 
23760. 
23774- 
23802. 
33493- 
35462 

35717. 
35719. 
30041. 
36772. 
36999. 
37134. 
38741. 
38801. 
38936. 
38068. 
38998. 
39103. 
39224. 
39226. 
39234. 
39320. 
39357- 
39548. 
39733- 
41412. 
42092. 
425098. 
42740. 
42825. 
42874. 
42880. 
42959. 
44672. 
45454. 


51008. 
51313. 
51509. 
51674. 
51831. 
51916. 
52595. 
52707. 
54578. 
54605. 


54662. 


54700. 
54785. 


COCOW WW HN CONWO H 


I 


4 
5 


Designation 


btD,—a3D} 
btD, ma ask, 
a3D;,—a™D} 
a3D, —aD} 
a3D,—a'D} 
asD;—a3D; 
a3D2,—a3D}{ 
a3D,—a3D{ 
a3D, —a3D; 
a3D, —a3D} 
a3D, —a3D} 
a3D,— a3F, 
a3D2—a3D$ 
btD,—a3P, 
a3sD, — as, 
a3D,;—a3F, 
a3D, ao ask; 
asD3;—a3F, 
b'D, ms: ak, 
b'D, rm atP; 
asD, s a3P, 


a3P;—a3S, 

a3Di{—b3D, 
a3Di—b3D2 
a3P,—b3P{ 
a3P;—b3P4 
a3P,—b3Pt 
a3P,—b3P{ 
a3P,—b3P4 
a3P,;—b3P4 
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TABLE IX—Continued 


ALA. Int. y Designation 
Vacuum 
TOLEAOO we eee 2 55215.4 asl’ ,—b3F{ 
TYO7LOO0 sae esses I 55627.0 a3’; —b3Fy 
L7O Te LO seis tara ° 55645. 2 ett 
3 Coons? 
a Palen ar foro 2 55786. 1 arb, 
bby pshsipao aeyee an Sac I 55901.5 a3Di—b3 Fy 
TUS ER 2s seen 2 55949.7 asDj—b3Fy 
T7 SANs Omer tone I 56042. 5 asDi—b3F4 
TVS3R SOs eae I 56067.0 asD{—b3F4 
iy Tih, 2 dae eae fete) 58300.8 asD{—b3P4 
EROOLOT Sahara: Io 66398.0 a3P{—asDt 
THOATOL on toes 5D 66449. 2 a3Pi,—a3D3 
DSOAs SOc eater Io 66463.3 asP§—a3Dt 
DEODeSO mania cat 10 66561.9 aiP{—a3D} 
TAOORL/eeae ieee 20 66703. 5 asPh—asD$ 
DAO SHOR terror craic 30 66726.7 a™D,—a'D} 
THOGS RO. cen ee rete I 66819.0 aPi—ask, 
TAOS OSes uk I 66886.0 atS,—a3P,? 
GAOT. O0.5 tea eee 5 67025.0 a3sP,—a3k, 
RAG Ser rere rare 40 68718. 1 atG,—aiF; 
CARO: 20 queers 2 68951.8 at*D,—a3D} 
RAGS RO Chea. aya oet 2 60742.3 atSo—atPy 
TAsAe TA. <7 bes 20 70216.8 a3P4—a3P, 
AGO AN pr. ternie 25 70303. 2 asP,—a3P, 
a3P{—a3P, 
TART. OO Ys ice ee 20 70338.8 beste 
TAZOV AQ e caer se 15 7O401.7 a3P}—a3P, 
PAGO. OAs es oss oat 15 70420. 5 a3P{—a3P, 
E220. 72. eat 2 74042. 5 atD,—a'F, 
ERO OO. aa aes 15 75325.7 a™D2—a'P; 
TOGSAOS acc cicewis 40 70985. 3 ail’{—a3D4 
a3l',—aiD} 
0 Al oy Pei Oe 50 7001.9 eect 
D205) Gla eacreres 30 77168. 3 a3I",—a3D} 
a3l*3—a3D} 
T2OAP OTe nr te 50 77239.8 ora 
20S. 2Ou reece 30 77323.9 asl’, —a3F, 
P20T OA ae 2 curios 20 77420.0 ali—ask, 
P2802 82. cri are 30 77500. 2 a3k4—a3k, 
EQSO. Os tact 40 TALOLe asi —a3ky 
T2S2UAO soins nee 3 77973-3 a3l's—a3ky 
TOGO OSes Aine fo) 99198 a3D,—b3P, 
TOOF2 ES ve sre: sia I 99290 a3D.—b3P,; 
TOOK SS owe ah ee fo) 99428 a3D,—b3P, 
TOO4S OOo. eee er 2 99534 a3D;,—b3P, 
TOO 25 2h Sete fete) 99777 a3D,—b3P, 


ured there. The rest are Exner and Haschek’s, reduced to the inter- 
national scale. 

A good test of the accuracy of the vacuum wave-lengths is 
afforded by the constant differences in the multiplets, since a number 
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of these are determined with high precision by means of the multi- 
plets in the region of longer wave-length. The average residual 
O—C for all the lines involving the low terms a3F’, a3P’, and atD 
is +1.17 frequency units, which corresponds to +o.0o20 A. The 
largest residual, 0.08 A, belongs to an unresolved double line; no 
other exceeds 0.05 A. Since, on the average, these residuals corre- 
spond to differences from the mean of 3.5 quantities, the probable 
error of the measured wave-lengths would also be +0.02 A, pro- 
vided that all the errors arose from this source. They may actually 
be a little less. For the groups near )\ 2500, involving the terms 
a’D and b*D, the average residual for 27 lines is 0.009 A, giving 
a probable error rather less than +o0.01 A. 

A few lines of longer wave-length, which appear in the spectrum 
of the Mount Wilson hot-spark between titanium electrodes and may 
belong to 77 m1 or 77 Iv, but have not been classified, are given in 
Table X. None of these lines is visible in the ordinary spark. 


TABLE X 


LINES PROBABLY BELONGING TO Ji II OR Ti Iv 


ALA Int v ALA Int v 

G20 284555. ho. 5s 2 15887. 72 ROT 2 AOU arcs 4 17200. 99 
O2AGF SO rane 2 16004. 39 BOOT 32 Teninie oe 6 17232.84 
DAFA T rae his 2 16012. 30 yee ae OR eine 2 7439.67 
O2SA- AO men esr ° 16035. 42 BOOS OF «cae Io I7551.41 
O28 T.1Oq rae: 5 ° 16044. 05 BA00. CON wave: 5 18838. 52 
BSSQrOO wae ss 2h 16974. 13 RIO LO ns eewe 5 18858. 45 
ESS oO Ute cet 6 16985. 03 BOTS. 20 cies 7 18940. 74 
OTR TS retrace an 4 17008. 60 


6. THEORETICAL INTERPRETATION OF THE SPECTRUM OF 7% II 


The doubly ionized atom of titanium has two electrons outside 
the complete “‘argon shell,” and these alone are effective in producing 
the optical spectrum. These electrons may occupy orbits of types 
48, 4p, 3d, 4f, or others with higher total quantum numbers.’ In 
Ti Iv, where there is but one active electron, each orbit corresponds 

«The word “orbit” is here used for convenience, to describe the corresponding 
feature of the atomic structure, with full recognition of the possibility of more complete 


interpretations in other terms. The notation 4s, 4p, and 3d is, by definition, exactly 
equivalent to Bohr’s 41, 42, 33,-.--,S, Pp, d, f, being substituted for the subscripts 


I, 2, 3, 4- 
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to a single spectroscopic term of the same name, 4S, 4P, 3D, etc. 
It is evident from the term values that, in this case, the 3d electron 
is the most closely bound, next 4s, then 4p, 4d, etc. 

We may therefore expect that the normal state of lowest energy 
in Ti ut will be one in which both electrons are in 3d orbits, which 
we may denote by (3d)?. The spectroscopic terms which correspond 
to this atomic configuration are given by Hund’s theory‘ as 3P’, 
3F’ #S,™D, *G, and of those the °F” should lie the lowest. The lowest 
term is actually of this type, a3F’. The terms a3P’ and a’D evidently 
arise also from this configuration, while the probable term atG 
and the suspected a*S complete the group. 

Next lowest in energy, but considerably higher, should be the 
configuration 3d-4s, which should give rise to a 3D and a *D term. 
These are evidently a3D and b'D. 

None of the terms so far mentioned should combine with another 
to produce spectral lines, since such a transition would demand the 
shift of an electron from an s to a d orbit; but they should all 
combine (as far as their inner-quantum numbers permit) with the 
terms arising from the atomic configuration 3d-4p, which can be 
reached from (3d)? or 3d-4s by “permissible” changes of an s orbit 
orad orbit toa p orbit. This last configuration should give terms of 
the types 3P, 3D’, 3F,*P, *D’,*F. The terms called aP, aD’, and aF 
in the triplet and singlet systems satisfy these conditions perfectly. 
The configuration 4s-4p should give terms 3P, *P. These should 
combine strongly with those coming from 4s-3d, and much less 
strongly with those of origin (3d)’, for in the latter case one electron 
would have to jump from a d to an s orbit and the other from a d 
to a p, and such changes, though not impossible, are relatively un- 
likely. 

The term b’P meets these requirements. The corresponding 
singlet term has not been found. 

The configuration 3d-4d should give high-lying terms which 
combine with the P, D’, F, triads, at the middle level, but not with 
the low terms. Here Pauli’s restriction is not operative, and we 


t Zeitschrift fiir Physik, 33) 345-371, 1925. 
* The assignment of the accents follows Heisenberg’s rule (zbid., 32, 859, 1925). 
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should expect S, P’, D, F’, G terms in both singlets and triplets. 
The full set of triplet terms has been found—a3S, b3P’, b’D, b°F’, 
a°G. The singlets should be much harder to identify and have not 
been detected. 

All the observed terms in 7i mt have now been interpreted. 
They are found to arise from just those atomic configurations which 
might be expected to give the stronger lines, and their relative energy 
levels are exactly what might be expected. 

The configurations which should theoretically come next in 
importance are 3d-5s and (4p)’, the former giving *>D and 'D terms, 
and the latter 3P’,*S,*D. Three of these five terms have been identi- 
fied in Sc 11, and some of them may yet be found in 77 m. 

The terms of origin (3d)? and 3d-4d represent the first two mem- 
bers of a series; but, as is shown by the analogy of Sc u, or, for that 
matter, of Tz Iv, the Rydberg formula cannot safely be applied to 
them, for the binding energy of the low 3d electron is abnormally 
great, and the application of this formula leads to too high a limit 
for the series, while the series involving changes in an s electron 
gives a much better value. 

The application of the simple Rydberg formula to the 3D and 
4D terms in 77 Iv leads to an ionization potential of 45.7 volts, 
2.7 volts too high. 

Similar treatment of the series in Sc m1, beginning with the $F’, 
3P’, and *D terms of the (3d)? configuration, gives ionization po- 
tentials of 13.7, 13.5, and 13.5 volts, as against 12.8 given by the 
more trustworthy series. 

The uncorrected Rydberg formula therefore gives a result which 
is too high by 6 per cent for 77 1v and for Sc 1 also. If applied to 
the terms a3F’, b3F’ and a3P’, b3P’ of Tz m1, it indicates that the 
limits of the series to which these terms belong, which is 37D, in 
T7 IV, lie at heights of 241,277 and 240,170 frequency units above the 
lowest level, 3F’, in T7i 11. The corresponding ionization potentials 
are 29.79 and 29.65 volts. On the assumption that the mean of these 
values is again 6 per cent too high, the true value of the ionization 
potential may be estimated as 28 volts, which is probably right 
within a volt or so. 
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7. COMPARISON OF Ca 1, Sc 1 AND Ti UI 


The spectra of atoms comprising two or more spectroscopically 
active electrons may be compared as in section 4 by tabulating the 
values of V v/R. One precaution is necessary here, however, for 
which no need arose in the simpler case discussed in section 4. In 
that instance all the series converge toward a single limit, repre- 
senting the normal energy state of the atom stripped down to the 
argon shell. In the general case the series fall into groups having 
different limits, corresponding to different states of the atom in the 
next higher degree of ionization. For example, starting with the 
configuration 3d+4p of 7% ut, the p electron may be shifted to 5p, 
6p, etc., orbits, while the other is unchanged, giving a series with 
the term 37D of 77 Iv as limit; or the d electron may be shifted, 
giving a quite different series, with the 4?P term as limit. 

Every term of 77 mt (and of all other similar spectra) therefore 
belongs to two series, which have different limits—with the excep- 
tion of terms arising from configurations such as (3d)’. 

In general, it is advantageous to measure the value of v from the 
lower of these two limits; but, even so, this limit will not be the same 
in all cases. For example, for the 3d-4p configurations of 77% 111, it 
will be 37D of 77 Iv, for 4p-4s, 42S; and for (4p)?, 42P. The ioniza- 
tion potential is usually measured from the state of lowest energy in 
one spectrum to that of lowest energy in the next—e.g., from ‘S, 
in Ca I to *S; in Ca wu, from 3D, in Sc m to 7D, in Sc 1m, and from 
3F, in 77 m1 to 7D, in 72 1v. The corresponding changes in electron 
configuration are from (4s)? to 4s in Ca, 4s-3d to 3d in Sc, and (3d)? 
to 3d in 77. Care is therefore necessary in comparing different 
spectra to make sure that the values of v are actually measured from 
the proper limits. 

For example, adopting the approximate value 28 volts derived 
above for the ionization potential of 77 11, it follows that the 37D, 
term of 77 Iv lies higher than the base level a’F, of Tz 111 by 226,800 
frequency units. For any term of 77 1 arising from the configura- 
tion (3d)’, 3d-4s, or 3d-4p, the value of » may be found by sub- 
tracting the tabular energy level from this quantity. But for terms 
arising from 4s-4p the limit is 4?S of Tz 1v, which lies higher by 
80,388 units; hence for these terms the tabular level must be sub- 
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tracted from 307,188. If, as is usually desirable, we take the com- 
ponent of greatest inner-quantum number in each term, we must 
also take the similar component of the limit, which makes the lower 
limit 37D, or 227,184. In view of the uncertainty of the estimate of 
the ionization potential, these figures will be rounded off in what 


TABLE XI 
COMPARISON OF Ca 1, Sc 11, AND Tz UT 
VALUES OF Vv/R 
CONFIGURATION Foes TERM 
Cat Diff. Scu Diff. Ti mm 
(Gd) ae eas 3d Sal bed er Ara 2rd Ps ee 0.951 | 0.487 | 1.438 
3Ps 0. 363 0.551 . O14 . 490 I. 404 
Oe Maran een te atone . 905 . 487 T3902 
7D, ee - 554 .926 . 486 I.412 
a ee teeta netee'| Sonnac cet 0.919 -475?| 1.394? 
BOS «Fee ees 3d 3D, At 573 1.087 .478 565 
*D; . 500 SYA PA wtecey i) 479 556 
ROGAS aber ate ae 4s 3D, 1623 piri 0.974 a7 1 Bart 
1D, .612 season . 963 337 1.300 
BGA Tye aiiel coletarersts 4p 3F, .4907 Baa . 834 E330 1.165 
3D5 475 358 . 833 335 | 1.168 
3P, . 405 ES5G . 824 Lekionl| iantacy 
*Fy -453 -357 . 810 <835.,|) 22349 
Ds . 498 - 345 . 843 +333 | 1-176 
Bry iescepertee cecatate nates . 818 EES I.143 
BOs Uae rcreets a 4d Cais aioe, al eer eee .631 .312 | 0.943 
cA oaks case Pater Geta . 607 eal -924 
3D, N23 Rae . 635 - 305 -940 
3P4 . 282 .318 . 600 oie .QI2 
38; Ba25 . 301 . 626 .300 | 0.926 
ASSAD Gola cc ee es es 4p 3P, sy) - 338 .895 | 0.346 I. 241 
TP, Bho Wel IS orsR tis al ee eet Md ea Sicrd rr OLA OS 6 
CAE SER Seen re 4p 3P4 ORSAT |MrOssar. la. Or QOS lea es.y: | peer ee ices 


follows to 227,000 and 307,000, corresponding to a principal ioniza- 
tion potential of 27.98 volts. For the term a’P, for example, which 
arises from the configuration 3d-4p, the value of pv is 227,000— 
81,024, Or 145,976, while for b%P, which arises from 4s-4p, it is 
307,000 —137,971 Or 169,029. 

In this way the values of V v/R given in Table XI have been de- 
rived. The terms are grouped according to the configuration from 
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which they arise and the character of the electron which is removed 
in passing to the limit. The data for Sc 1 are from Russell and Meg- 
gers,' those for Ca 1 from Russell and Saunders.? The differences in 
V»/R are very nearly the same for all the terms corresponding to 
the same electronic configuration. The reality of the low *G term in 
Ti ut is thus satisfactorily confirmed. For the suspected *S term 
the difference is discordant, making its reality very doubtful. It is 
evident that a rather accurate prediction of the terms and principal 
lines in V tv could be made by extension of this scheme. Indeed, 
the value of the term 03P in 7i m1, arising from the configuration 
As+4p, was predicted in this way, and the multiplet which depends 
upon it found near the predicted | position. 

The mean differences in V v/R for the related groups de terms are 
nearly the same as those for the corresponding terms for the one- 
electron systems, given in Table IV. Confining our attention to 
the terms produced by adding a given electron orbit to the normal 
state of the more highly ionized atom, we find: 


Two-Electron Systems One-Electron Systems 
Added Electron | 
Cat Sem | iu Kt | Cat | Sc it 
Mees ae latet ie. o5 oe 0.551 0. 487 0.535 0.470 
SA ee Ses MGi  2, 3 Seale 2352 eeey) - 309 . 320 
AE eet ciate ate he oe 3 esi 332 maha 319 
AG ate gh le ts’ale Sara te. ors 0.310 0. 306 0. 334 0. 296 


On the whole, the rate of diminution of the differences from the first 
column to the second is smaller for the two-electron systems. This 
may indicate that the assumed ionization potential for Tz mm is 
a little too high. If it should be diminished by 0.5 volt, the mean 
differences in V>/R Rk between Sc 1 and Ti m1 would become 0.474, 
0.323, 0.316, and 0.285, respectively. The value 27.6 volts would 
give the best agreement. 

The triplet separations remain to be considered. Landé has 

t Loc. cit. 

2 Astrophysical Journal, 61, 1, 1925. Later work shows that the term there called 
rp’ is the 3P’ term arising from the configuration (4p)?; 2p’ comes from (3d), and 3p’ 


from 3d-4d, while the term there called q, is the 3S term from the same configuration,’ 
and qr a component of the 3D term of similar origin. 
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shown that his formulae for the doublets are applicable to the trip- 
lets as well, provided that the extreme separation of the outer com- 


TABLE XII 
TRIPLET SEPARATIONS 


Sie ial Aa | Av nt | rot An | Mean | Zz; | s 
Terms Involving a 4p Electron 
ASPAD sc cresiandtet Cat 158 1.796 ALOU | eateries L7n7 2.3 
WY eee ae Ged aictets Se i 343 2.239 AAO Dictate 18.2 2.8 
Ti wu 709 2.396 BOT (tee cee 18.6 3.4 
(4p)? Cat 134 1.739 Ey teal Panera 15.6 4.3 
A Dg ohersiaieiseisvere-> Scu 346 2.206 AT RES Sree si E727, 3.3 
3d-4p... Cat 6:7 | 22017 ah | 5 Ca eae (eo eemtey | oun genie cee 
PENS ee tee |B Sica any 66.7 2.105 284 356 16.4 3.6 
NO en ac Reon ieee eee TOOss |: 2,152 Wie ales ce acee tn, [Sk on eeeenie | alert oes 
AT Sera ae Sc 87 2.397 nL Nall Caras Be ae ate al Ry mene cic, 
243 2.402 384 403 17.4 3.6 
307 Zaye OSO6Y, eseiees sical treen sy crea eta parereeeenes 
Ti m1 80 2.576 GOP ero al lc caeaeia oleae eeeees 
425 2. 569 365 360 16.4 5-6 
737 2.600 OOS ee Mi ctotersre «iso wicas 2 a's | Seperoeeen 
Terms Involving a 3d Electron 
4d+3d Cat 35.30 oLeOa7 FLOM lenen ees 16.4 3.6 
SD Wesiaiacs. haters. 3.2% Sc ur 168 1.842 1°20 bey etayerh ces 16.5 ASS 
Tt w1 362 I.Q17 n 740 fa ot ehagee 1 frat 4.9 
4p3d... Cat 6.7 | 1.445 (OPT [Ae ars rea Ee pote oom 
ERO Ericiincie vee ee isle ees 66.7 I.479 98 121 16.5 Bay 
SID) sus Oct eth Ae ee 166.3 | 1.495 Piste lh | ORF eR ceed Cotati ven ¢ 
Serer cen escicR eet: Se Ir 87 amet ge| (eae oe hate omees al noe nes 
243 E770 156 157 18.8 a 
307 I.790 ero aml eee ten Rae ceed ners oso 
Ti 1 80 2eOVT Cli here pee erie earl ee oacos 
425 2.074 192 189 20.7 Be 
737 2.090 BAG. acter e sos «idole ese atail aatete ee hers 
(3d)? Scan Beate Cat 305508 2.755 CAI ey In eee CoG OA We crcioloae 
oo SE Oy eras ta ea per |e tea ee Melis ei 
185 DI L2A. 202 
Ti 1 185 2.122 90 142 17.9 At 
422 2.088 195f | 


ponents is taken. Slater* has shown that there is good reason to ex- 
pect it to hold for terms arising from any configuration composed 


t Physical Review, 28, 311, 1926. 
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only of s electrons, and electrons of any one other kind (e.g., 3d or 
Ap), except that the extreme separations for P, D, F,..... terms 
arising from the same configuration should be proportional to certain 
integers, which he takes as 1, 2, 3,...., so that the mean of the 
separations for a triad such as P, D’, F, should be equal to that for 
the D’ term. For configurations involving electron orbits, other 
than s orbits, of two different sorts, his formulae are much more 
complicated. 

The results derived in this way from the three spectra now under 
consideration are given in Table XII. The 3d-4p configuration is 
here presented in a double réle, as arising from the addition of a 
4p electron to a previously existing 3d state, and vice versa. The 
values of 7* are of course quite different in the two cases. The indi- 
vidual values of Az are rather ragged, but if the mean is taken for 
the triad, and this is treated as if it arose from a single electron of 
the type which has been supposed to be added in forming the con- 
figuration, the resulting mean values of Az, and those of s derived 
from them, are in surprisingly good agreement with the others. This, 
however, means little more than that the mean separations of the 
terms arising from the simpler and more complex configurations are 
of about the same size. The 3F’ and 3P’ terms of origin (3d)? have 
been treated in the same way. The irregularity of the individual val- 
ues is so great as to make it evident that a great deal more work 
must be done before a satisfactory theory of the term separations 
in such cases can be reached. 

In conclusion, we take much pleasure in expressing once more 
our thanks to Dr. Anderson and Miss Carter for the observational 
material upon which much of the present investigation has been 
based. 


PRINCETON UNIVERSITY OBSERVATORY 
UNIVERSITY OF ALBERTA 
April 1927 
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INVESTIGATIONS ON PROPER MOTION 


TWELFTH PAPER: THE PROPER MOTIONS AND INTERNAL 
MOTIONS OF MESSIER 2, 13, AND 56 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Proper motions and internal motions of globular clusters —Three pairs of photographs 
of M13 and two each of M56 and 2 have been measured with the stereocompara- 
tor in order to determine the proper motions and internal motions of these clusters. 
Part of the plates were taken at the 80-foot focus, part at the 25-foot focus of the 60- 
inch reflector; the interval between the old and new exposures ranges from nine to 
fifteen years. 

The probable errors of an individual yg or us for the 80-foot- and 25-foot-focus 
plates is found to be 0”030 and 0%064, respectively, divided by the interval in years. 

The absolute proper motions of the clusters have been derived by correcting the 
comparison stars for parallactic motion. The results are: 


1 Lara ease ee Hg= +0%0005 Lg = +0%0008 
INTE OR Ae oslo sit Ug= —0.0013 Mg= +0. 0066 
Vin ome setae ice Mg= +0. 0082 lg = +0. 0026 


The internal motions were analyzed into components parallel to and at right angles 
to the ‘galactic planes” of the clusters. The dispersion of the motions in these two 
directions is sensibly the same, which indicates that there is no pronounced rotational 
motion parallel to the galactic planes. 

The internal motions were further analyzed into radial and tangential components. 
There is a small preponderance of outward motion, but it is too small to permit any 
definite conclusions. 

The tangential component was found to be exactly zero for the 80-foot-focus plates 
and 0"003 in the direction N-W-S-E for the 25-foot-focus plates. The tangential com- 
ponent found for the spiral nebulae was in the mean o%o14 and o’or85 for the 80-foot- 
and 25-foot-focus plates, respectively, and is therefore of a different order of magnitude. 

No correlation was found between the tangential components and the magnitudes 
of the stars, although the range in the case of the 25-foot-focus plates was more than 
6 magnitudes. 


In Mount Wilson Contribution, No. 284, it was shown from photo- 
graphs taken at the 80-foot focus of the 60-inch reflector that the 
total motion of the globular cluster M 13, as well as its internal mo- 
tion, is extremely small, of the order of a few thousandths of a second 
of arc per year only. As a check on the displacements found in 
spiral nebulae, which amount to a few hundredths of a second of 
arc per year, it was deemed worth while to investigate a few more 
globular clusters, especially at the 25-foot focus at which most of 
the spirals were photographed, as soon as material for the deriva- 
tion of the proper motions should be available. 
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The present paper discusses the results from two pairs of plates 
of M56 and one pair of M 2, taken at the 80-foot focus of the 60-inch 
reflector, and from one pair of plates each of M 13 and M 2, taken 
at the 25-foot focus of the same instrument. Further, the measures 
communicated in Contribution No. 284 have been re-reduced. The 
material for these plates is assembled in Table I. 


TABLE I 

Object Seibel oh pay nes Date Quality Observer 
1A Ia rca T Ge 30™ | 1913, May 26 g van Maanen 
Se 6, yep 7 tr109f 30 1914, April 18 g van Maanen 
10S eee ee mw 3728T 30 1923, June 8 g | van Maanen 
Mas Ne. otek a 3878* 31% | 1924, May 30 fg van Maanen 
1 ie rea Peis 300 1912, June 15 fg Pease 
Meta rasa B 242§ 300 1926, July 3-5 fg Humason 
Mor6\ fo... clr 53" 30 1914, July 26 fg van Maanen 
NEG eae fee LOOT 30 1914, July 27 fg van Maanen 
WRG ae oe S754 30 1923, July 7 fg van Maanen 
1 Ota eee mw 4151T 30 1925, Aug. 24 g van Maanen 
Ln te BOR e Ware: 7 230° 15 1914, Sept. 14 g van Maanen 
Mieia ete 3 mw 4154* 20 1925, Aug. 24 g van Maanen 
15, Boe ah See 1% st 100 1git, July 2 fg Pease 
MER cede ress B 248T 100 1926, July 6 fg Humason 


The plates marked a were taken with the Cassegrain arrange- 
ment of the 60-inch reflector (equivalent focal length, 80 feet); 
those marked P or B, at the Newtonian focus (25 feet) of the same 
instrument. All plates were measured differentially in pairs with 
the stereocomparator. The grouping of these plates is indicated 
by the signs *, }, and §, following the plate numbers. 

The usual methods of measurement and reduction were followed, 
the plates being measured in four positions each, with east, west, 
north, and south in the direction of the increasing readings of the 
micrometer. For the reduction, the two series of measures in right 
ascension, as well as those in declination, were combined into single 
series. ‘The quantities so derived were then reduced to seconds of arc 
per year by multiplying by the factor: 


> No. seconds of arc per mm on plate 
4™No. revolutions of micrometer screw per mm Xinterval in years 
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The resulting quantities, 1, were used as the second members of the 
equations of condition (1) from which the final proper motions were 
derived. 


pa+a-+ bu+cy+du+exy+fy=ma } a 
wsta'-+b'ax+o'yt+d'aetelay +f’ p= ms 
Here a, b, c,....e’, f’, are the plate constants; x and y, the co- 


ordinates of the stars measured; and uw, and us, the resulting annual 
motions relative to the mean motion of the comparison stars. The 
plate constants were derived by least-squares solutions from equa- 
tions (1) for the comparison stars, and were then substituted into 
the equations of condition for all the stars measured. 

In the case of M 13, Shapley had indicated which stars might be 
members of the cluster and which not. The comparison stars were 
selected from the latter, the selection being based on distance from 
the center, magnitude, and color-index. For M 2 and 56 no such 
data were available. Accordingly, a limiting distance was adopted 
outside of which it was assumed that no stars were members of the 
cluster. The cluster stars were chosen well within these limits. It 
is, however, still possible that some of the comparison stars may be- 
long to the cluster, and that some of the cluster stars are in reality 
foreground or background stars; but the number in either case will 
probably be small and cannot disturb the mean motions very seri- 
ously. 

In Contribution No. 284, dealing with the motion of M 13, fifty 
stars were used for comparison purposes. It was found that the 
star s had a proper motion of o’110 in declination, while p had a 
motion of 07054 in the same co-ordinate. It would therefore have 
been better had these two stars been excluded from the derivation 
of the plate constants. Furthermore, on the long-exposure plates 
taken at the 25-foot focus, stars 831 and 1o1g, being located in the 
denser part of the cluster, could not be measured; and, as it was 
desirable to use the same set of comparison stars for the pairs of 
plates taken at both the 80- and 25-foot foci, a re-reduction of the 
measures in Contribution No. 284 was made, excluding these four 
stars. Accordingly, for M 13, forty-six comparison stars were used, 
while sixty-two cluster stars were measured at the 80-foot focus, 
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and seventy-three at the 25-foot focus, the latter including some of 
the very faintest stars measurable on the plates of five-hour ex- 
posure. For these twenty-two faint stars no magnitudes are avail- 
able, but they are estimated to be between the eighteenth and nine- 
teenth magnitudes. In Table III their magnitudes are given as ff. 

For M 56, sixty-five comparison stars were selected and fifty clus- 
ter stars. Six of the cluster stars are, however, considerably brighter 
(12.7-13.6 mag.) than the other cluster stars (14.4-16.3 mag.) and 


TABLE II 
PROBABLE ERROR OF MEASURES 


- 7 . in Y Focal Length 
Object PEinug | PE.inuy [between Plates | in Fest 

0% 0038 070036 II 80 

MVE GT Se cnn ete gtenord weaned ets, aae 0.0031 0.0028 9 80 
0.0050 0.0037 14 25 

fo.0031 0.0035 9 80 

VIZ e Boras, oie teres anak CoO {0.0023 0.0037 re 80 
M 2 {0.0017 0.0023 II 80 
chet So Ree Meas eee Ngeades Bae re 2 


it is possible that they may be foreground stars. These stars, num- 
bered tor, 105, 125, 131, 144, and 149, have accordingly been ex- 
cluded from the derivation of the mean motion of the cluster, as 
well as from the discussion of the internal motions. 

For M 2 the same set of thirty-eight comparison stars was used 
for both the 80-foot- and the 25-foot-focus plates. For the former, 
seventy-six cluster stars were chosen, of which three, Nos. 164, 175, 
and 176, were later rejected as too bright and too far from the center, 
while for the 25-foot-focus plates the number of cluster stars was 
seventy-six. Numbers 175 and 176 were also excluded from the dis- 
cussion of the motion of the cluster. 

In the case of M 13, twenty of the cluster stars were measured 
on all sets of plates; in the case of M 2, twenty-eight. 

As stated before, the magnitudes for the stars of M 13 are due to 
Dr. Shapley, those for M 56 were derived by Dr. Pannekoek from 
Mount Wilson plates, while those for M2 are by Mr. J. A. Brown, 
to all of whom I wish to express my sincere thanks for their kind 
co-operation. 
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TABLE III 
Co-ORDINATES AND ANNUAL DISPLACEMENTS IN M 13 
(The Motions Are Given in o”%oo1 as a Unit) 


80-Foor Focus 25-Foor Focus 
No. Pc. Mac. x y 


Ha 5 Ha 5 


Comparison Stars 


Daptonyerais.5-3 ses, ars 13.06 | —9/7 | —4!8 —s |+ 9 —7 |+ 14 
Caer hat s/svasays-s 13.40 — 5.2 —6.7 +5 ° + 3 — 6g 
OS Sue or eee 14.096 —8.0 | +3.0 +11 + 3 +10 |— 4 
Cateye ersreie i <teaue « 14.52 =O. 9 Ses ap ° = eae — 5 
Dip nignrek ras 14.52 | —6.8 | +5.8 +5 | — 19 +8 | — ar 
Ratesavsbe vides eiscvracs 14.85 —6.5 +2.5 + 8 —- I + 6 + 2 
ds hike aR RE 14.52 | —6.1 —6.2 + 4 ° +8 |— 5 
MO Seeices elonscones 15.14 —5.6 +1.3 + 2 + 3 — 5 + 2 
Deer as t-6. sta crsiese 15.50 —5.4 +2.8 + 3 2 — 5 = 
DG Rens i wis earn Sivas 13.06 eae +5.6 —25 + 19 —17 -+- 25 
1 eo ee 15.91 sete) 322 + 2 — 4 + 1 — 5 
BO ree cei scien 16.13 —4.3 +1.9 — 6 —- 7 +10 —- 7 
| oe Sane 13.30 SSiless —6.6 — 6 fo) + 1 — "3 
aac ais 8 ecs-4 > 14.52 —4.2 —3.2 + 2 — 2 — 1 + 10 
ATE. Seg nscseun"s 15.89 —4.0 —3.8 + 2 + 2 =— 3 + 2 
| rg etc eee 14.95 —2-9 Sat — 6 — 4 or. + 1 
Glo) ESS On eet ae 16.22 te: — Ee —i8 a 20 iS “3 
Ot Sec OR Re nt 16.03 2.10 —1.5 — 2 + 15 — 8 —) 14 
1g 0X6 een a 16.17 —2.3 +o.6 — 8 — 13 +11 + 11 
BGAN ome to gie 16.16 ras “3.7 + 1 — 2 — 7 + 1 
Ch Oe ees T5200 —o.8 | +8.4 o}|+ 7 + 8 + 9 
Bia cea evens, ees 2 16.13 Ono Ano + 6 ° ay — 
ya operateleoressrei accep ic ee ey —o.1 +8.0 + 1 + 2 — I + fr 
ol er Biter ees 16.16 0.0 +4.4 +- I + 5 + 4 — 1 
RRP echats case captere ss 1 a os +-0.2 +6.3 + 4 — I —-3 + 7 
BOQ avai sores TO.r7 +o.3 +4.4 +I I —II — 5 
sats wists 3%, sie syoiers 13.82 +0.4 Oa =e I => 3 — 4 
(Cel Ase RE ae 13.76 On = 3 ies ° — 2 — § 
WO Detellecasyere cis Sue, 15.95 -+1.0 +4.0 +t et + 2 — 12 
OrAce ese ees os 16.20 +1.2 +2.4 + 6 + 1 +11 rots 13 
Ba Taree riences 16.06 | +1.3 | —2.9 STAs y [iro a |e ie ane eee 
MOLD oe ravalp procs. a.0 16.14 +2.7 seth + 4 + 2 +10 op 
MOLOmece ee 12.98 | +2.7 —1.4 +5 ==) 36) some helene 
hoe SA AOR 14.34 +3.4 —6.1 + 2 —- I +1 — 2 
HOS Teer ee Sis 15.86 +3.5 —2.3 ee + 6 ° + 1 
TROY SaaS CORO 15.79 4.1 an +r + 2 +10 + 2 
HOD Toten eee eels 13.14 +4.4 +3.9 — 6 + 16 —T7 + 4 
DIV RIOR oe arene’ 14.88 | +5.3 +7.6 + 4 ° +5 — 5 
TAG yaa ee 16.10 +5.7 +3.0 —4 — I4 + 2 + 11 
DETACH Rte: 14.63 | +5.8 | —5.5 apes J == iG se 9% Mar 
TEED Se eG Stacie: Eo.7i 5.9 | -+-6,0 ses =e — 2 + 3 
Ob eC CS 13.90 | --7.2 a O + 5 — 1. +7 + 3 
EN eee £3. 14 +7.3 —8.0 —42 + 31 —AI + 36 
OEE aN yo aera ae 14.88 +7.7 +1.2 = 5 — 3 —I0 — 5 
Pere Ee nk 14.09 +8.0 —1.0 + 2 + I0 + 6 + 2 
Gee at eee et TAT Sse ]-o-28 9 |) st On2 +6 | — 24 —5 | — 18 


* Rejected in deriving the plate constants. 
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TABLE IlI—Continued 


80-Foor Focus 25-Foor Focus 
No. Pc. Mac. x y 
Ba HS Ka 5 


Comparison Stars 


SR Masew scr 14.88 | +-8/4 || =—627 —I5 | —132 — 8 | —135 
Peak Seka ase SSeS | +9.2 +6.5 — 2 + 6 +10 + 8 
cs PCA 15.50 | +9.3 —0.4 — 2 + Ir —I + 3 
Desvereraie gl orbiocsiers ats 15.28 +9.8 —3..0 =—oaner =n —12 — 6 
Cluster Stars 
Bech evarisea tater 14.96 —6/5 +2/3 +11 — 3 == + 3 
7 ko artes See 15.04 —6.1 +6.4 + 5 — 2 +10 + 4 
DPS cei ete s sera 14.86 —§.1 —4.6 + 2 =" —4 = 3 
Bie note Rareaie oe 16.01 —=4.9: | -4ed |s-onteemnclle weeticless o |+ 5 
Deer tate ste ota 15.06 —4.8 | +1.8 + 3 + 1 +4 |+ 1 
A Serco totenatce aren 15.57 —4.0 —1.9 —'9 + 1 — 9 — 4 
AOR Seow tei eree Sf —4.0 | —O.4) Vis cee silat tees +14 — 2 
AD Soe owl errs eis 14.83 —3.9 | —0.2 +4 /1- 3 — 1 Se 
Re Dire sepa Sate os 16.63 men ROO uN Sere eect] tie ereeaterens + 2 + 2 
RUibteae Rete Te. —— BS let O. FIs eae ae | cei ee +8 {| - Ff 
By A iraerste ct cre es 16.20 —3,8 S202 c[teemi ete cee toee =~ FT = aS 
BOE acco vier cme Sf 8S =P 3 2" I hovuentenns || seaeccionene +6 /+ 1 
ein Bee ek ee 15.08 —3.7 | +3.2 +7 — § — 1 + 1 
Ota ite ere tw si oe 13.45 —3.4 +2.4 — 5 + 1 —1 + 2 
VOC so iasrcrtin oh a; « Sf —3.2 pnd O° Nee cee pluie! |S eee antes -- 6 ey 
8S ee 16, 21 —3\.3 abaC),: Ooi | ee sen tatens tall auetsne rotate = J —- 2 
7 ft ee eee ae —3.3 tO. OW "| Pecee tas pees + 5 — 2 
FEL I OSE 13.74 3 8 —2.3 — 6 << o0 = — ad 
CRITE CEE 16.04 —3.2 hate ww nee | Baa e ms = 7 + I 
BOG cevtes tee lif —3.1 ey el (rtd esac retro + 9 —- 7 
Ose Sa iiRiss oes 16.10 —270 eB Vaertee cones | Ae eters — 2 ey te 
OO dae aici sre se es 13.70 —2.7 +o.2 = 3 — I —I0 2 
LEAs 16. 22 =—2:4 =e OMe hee heme an cl icmtercor “FI 4 
DESO Sere cycle wiciors Sf —= 253 = 4G. taco poesia ccrths +14 — 
MLS tere Senuchereiare 15.03 —2.4 —0.9 + 4 ae. 2) lS Biayevsyousaal| | ee 
BRS Geli cA aseiaieyers 16.56 —2.0 BO When. ue | (nee rae ee +7 =~" 2 
DRO ts Sere ence oss 13. 86 eee | GPa ae = % Ae lO 
PEON ects ee 16.09 —2.0 mi. || enone a chee eee sveererces ° 7 
BEB ate peitecons 12.54 —I.4 —1.7 — 4 RE Wael MEO co See .cG o 
DAO reeves taceewcut 16.63 —T.3 tee EKo ge (peer aAiu tie irs heaters — 8 + 5 
BAG cals nis Bice ets 15.49 — Tee? —1.6 = 3 a Rae ad exces (Gcsc.c ce 
DED Sevciers te ate sta ie —I.2 +2.4 + 2 oy pied | Perera tc, co 
BUT Taste eave, Scare 16.24 eee eT? dl Cee hal (see srac -- = I 
OW RASA Soe e Sf =0..0 0) | as Te al Av are an here eens +7 aa 6 
ad UBB Se See if —o.8 SAD ANS ee ae eerie + 5 + 3 
282 aca ein cine ae 16. 26 TOR | anf) epvecnere el eee eee =) 5 = i777 
200. cant odaxiee E5531 —0.0 +o.4 ° my BE ed | ICE (tine, hac 
FOU. emis ieee var — O76 0.0 ets} a le Su) Poe 8) ian Siac 
RYO des cA arene 15.30 —0.9 —:0 + 2 SO tel Cae ROC Bette 
Ek De eee 15.50 —O-05 | ea0. 5 — 9 seals ad (Rae Kechel (keer cacao. 
BIS wee cece 15.42 —o.8 +1.6 ° a RET ie eae beware cn: 


* Rejected in deriving the plate constants. 
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No. Pc. Mac. 
BOS ects cmtets as 15.42 
OCR Meee ee 15.31 
ca OM reteset es tpt nace 13.76 
BO Dsteson nid cvs 8's Sf 
BOSe aera nee © 15.18 
BOS ris ae sia.8 ae 16.04 
ADO fvreis jo oieve sia I5.20 
Al pent ets. 15.46 
BOO sotto Sialegrs 15.44 
ROB avers tyne: 15.31 
Stic stare eiesia ale 15.20 
5 OO wnat tes tayo ate 16.20 
O27 eee cvants 16.15 
(CYT foro Pe ae I5.14 
OAT Genre cars Sf 
OBB rereect areas veins 15.18 
OBO mre tyare 15.42 
lala fo Pa ie Ree rane 15.26 
Ge Be, es PD 15.30 
FERS Oo Ce rae 15.20 
A scent iNcus, 56) cnarits 16.03 
BT Sao asa sanpestes 14.91 
SAE ie sie aiarares 3 LS. at 
FOO ssi co'sls saie0g 16.17 
OLS oe eters ses 16.10 
OX seen cr. afi 
OU aarereoehe okerere se 14.93 
SOs Sealy. 15.20 
BOB ees sich 15.30 
SIGE es osmiaisaels 16. 22 
BLO eee sca ae var. 
OGY a a CaS If 
DRA ra PiaieRer ete aye ss 15.09 
OB Omemic ee anciveie« 15.20 
oA SA enC Cet Oe CRTC 13.23 
rod Wy De Cocke one 15.42 
BAO ry aie nets Sou 15.50 
OST Roe causraie 3.62 15.30 
SSsscniae seca. 15.17 
BOT eee scence aes 14.86 
oe OC ORES 15.09 
B7Ovicacde ceca 16.20 
B70 Getto era aisles: Sf 
BOO nee ceca «se I5.14 
ON pete tate ata ar sust 16.58 
Qe edermaidic aa Sf 
Wear cle stitay aete 16.03 
9a Sete cys eiccenats 15.07 
GBB ae cone itretra. 14.50 


TABLE Il]—Continued 
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80-Foot Focus 


Cluster Stars 


, 


Ha HS 
— 6 + 2 
sie 2b eS at 
seen ear lpareger 
er tacar 
Boe | se 
ae fe) 
ee Poss 
a Ae — I 
pap eset 
are Be aes 
° + 41 

° e} 

= — 2 
ap Zh |e 
Seuya ea a 
+ 2 —- 6 
TEs ey se 
Sart (eo) 
oe ee 
ey eee 
De as 
° + 6 
Sh ae ew 
sevia tee 
TA: | aes ad 
=~ eo} 
se | 
Sa Rete 
qe {l= & 
Daigle ee 
ae bes amet sr 
sige a 


25-Foor Focus 


Ha Hs 
gpd ras 
TAG tae 
peered ea 
Sane 
i = 
sae ae 
+ 8 + 2 
+ 6 + 1 
mig jl are 2! 
‘iy eee ee 
sree | 2 
ee ee 
2 hes 
+ 1 — 1. 
+4 EFS 
+11 + 10 
I | 9 


ee ee ay 


Pea a ay) CIM eC oe a ei 
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TABLE I1I1—Continued 


80-Foor Focus 25-Foot Focus 
No. Pc. Mac. x y 
Ma Ms Ha Hs 
Cluster Stars 

OSB ets aes 3 Gis 15.20 +2/0 +1/1 + 4 S82 ciate state | 2 onenaguanens 
O7So seis sere as 15.04 “on O10 ° ma Bol» ins sattenehed arenes 
SQ see seeder ce 15.60 | +—+2.3 — 16 — ar Ls S| as Vance sl eee 
TOTO an eee 16. 26 +2.6 ee fey fall eters Rta Ota — 1 + 5 
TORT Mawits eels 16.07 +2.9 —=2 AO |Site eter sree ioe + 8 ja) os 
ROSAS static etre: 16. 23 3.0 SOY dann jon Ocrne ap 4 iO) 
TOZAD sei. ¢is oie eo hs +3.1 Est | | sielgtarsvarall s omieareaie =A. it 2 
TOS7 Opec cis sr Tf E20 2 SeA sate caesarean — 1 + 5 
TOS Fe arse oe eee 16/740 || e-F3-0 | shae47 |S aee- 2 ere oar +11 + 1 
TOSSA sec wte ees 15.07 | +3.0 -+-1.1 + 3 apa o) | state fees Siete | ane tenets 
TOAD ees tie.3 15.09 +3.0 Ost — 2 Or Pilla: arteesnerevel| cht ereteanes 
TOOSSes sees 15.08 +3.7 +1.5 + 2 + 4 —18 ed 
TOOQGSo «a cc.ven ip 338) veered A esthnes oll opeereee —1 + 3 
MOOG styrene 16. 26 +4.0 TS Ain eee, sencetesenel| sac eee —I == 5 
TOTO ervey onset 16.27 +4.1 =f O™ ole retava e atallimatoumtener ss — 1 + 7 
TOVOsee eects 15.14 | +4,2 +5.8 + 3 ° —2 + 2 
TOOS Der eehe tes Tf +4.2 = 2.6 Mie tavare Sewiltenke steerer +12 + 1 
TONS eee 16.10 4.3 pest Fh ON epee, Seed he cae eerie +10 + 8 
TOOOL Se eae 16. 28 +4.4 SONG: bafentaletes oie ne nae + 3 + 8 
LOGOS a.05 wesc ae: Tf +4.6 a melee ml Rare tcea tecazd (eee ct eye +11 + 8 
ig KOU BNA Ott heg ere 16.06 550 SIRs Wein ple no sadnt ° — 
ELOOGS ae ce oe Sf +5.2 ALA Ninnacnct:| oom +22 + 14 
PIO payee aes ae 5.18 +5.4 —4.4 — I + 2 +15 + 2 
DLOODs 5 ree Sf +5.5 A Ale sexe eneueners | eter +20 | -+— 38 
AIT oi ae ee 15.26 +5.8 +3.5 + 6 + 7 —T90 — 5 


As will be seen later, the internal motions for all three clusters 
are very small indeed; accordingly, the deviations from the mean 
motion of a cluster may be used to gain an idea of the accuracy of 
the measures. This will be an upper limit, since the internal motions, 
while small, may still amount to a few thousandths of a second of 
arc, and further, since some stars may have been included which 
are not members of the clusters. The results for the probable error 
of an individual yu. or us so derived are collected in Table II. 

We may conclude from this table that the probable errors in an 
individual yw. or ws as derived from plates taken at the 80-foot and 
25-foot foci of the 60-inch reflector are, respectively, 0%030 and 
0064, divided by the interval in years between the two exposures. 

The remaining tables contain the results of the measures. The 
third and fourth columns in Tables III, V, and VI give the co-ordi- 
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nates of the stars from the center of the clusters. Table III gives 
first, in the fifth and sixth columns, the results of the re-reduction 
of the mean motions derived in Contribution No. 284. It is interest- 
ing to note that the exclusion of two stars having considerable 
proper motion has changed the results but slightly, o’0015 in each 
co-ordinate, on the average, for the motion of the cluster stars. 

The ff stars may be identified by their co-ordinates relative to 
neighboring stars, which are given in Table IV. 


TABLE IV 


POSITIONS OF THE ff STARS 


No. Position No. Position 

40a. 2"5 W, 10%5 Sof 49 POLGhae ene AGP De ise an Sorutycene 
GUC omni G10 pbs sho OlnT S220 ca. ss 0 4.9 W, 4.1 N of 822 

ROO A srertre s 6.8 W, 4.9N of 50 S70GR era 7.2 HB, 5.2 S of 879 

OD vst ieieie ee 6.8 E, 5.3 N of 70 Q2208 de sais: 4.9 W, 1.7 S of 922 

BG bone RAR 3.4 Hs 6.4 N of 71 TO3AG% a0 6 7.0 Be O26 pil Lond. 
O2Oe a hawnss 1.7 W, 4.5 N of 82 TOS7OR ec 3.5 W, 0.4 9S of 1037 
LE es Senne 6.6 E, 8.7 N of 113 TOOOUS ct sian 6.8 W, 3.6N of 1069 
DSO re oa ver 11.2 E, 11.9 N of 275 HOSS 0h eer 10.0 W, 2.6 S of 1083 
BTS D re whos erro: 19.5 E; 15.6 N of 275 TOOTS oe aes 7.8 E, 1.6 Sof 1090 
WACiheS eoane 5.4 E, 7.3 N of 326 TTOOM hsm aes 8.2 W, 0.5 Sof 1106 
OAs a ienaivns’s 6.9 E; 3.2°S of 641 TLOOU Ss wee c 10.0 E, 4.3 S of 1106 


Table V gives the results for M 56. The fifth and sixth columns 
contain the results of the measures of the two pairs of plates in right 
ascension; the seventh and eighth columns, those in declination; 
while the last two columns give the means of the measures in the 
two co-ordinates. The comparison stars are numbered 1... . 65; 
the cluster stars, oI... . 150. 
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TABLE V 
Co-ORDINATES AND ANNUAL DISPLACEMENTS IN M 56 


(The Motions Are Given in o”oor as a Unit) 


Comparison Stars 


SONIA AERU IS SO ORD OOOO S SON eV SOTO 
Lal | 


Feb VET ET HIF it FUP Etei titty FEET HET HH TP FtH 


OUSNO NOS SESE P= AORN OF ORS AICO ACC toto: CULT tt COACAO OR CO tO SNE SOLO tO sO 


Si al Rat gl PO ag (fil eee eet i, DL ieee ee 


DS Lal tal Lente Shs EEG, De Bta alto iy BAGO O00 100 1 OG CO70 (Se 
nl SHS eH 


ttet UTP HEIFP tHe EEE pe ttt c+trtter t+441444+ 
BeOS OHEASO BES OUR ET OU UEL AO SES SONG CCU EN REET TSO RO HSE HEC RO ata oe eo AON aS 
+o+Hi LLP b+tti iti ce Fit tte iti beret t+irtti ptt 
PSOE 9 SORE TOU RAYA OO ASO Osh 09 OEE ISO A Post FAO GCOS OSS GG PS Sarr ON Ea et ct 
| Se itghse)) | seqrqese Ise Uae ise ib sl sediseceub dha Pilgedb ib -deaesedl il dha 
C22 ONON AE SAAT STONE OSE OEE BLO SOUS NO) EGS IES ISSN RS OSCE NBER ON has eon g = CONE GCS EEC 
Gerace thar ll i seselise (i feieiete be er 1s harassed darae ba 


MWHODHHOOOHOORDMNMNHRHOAMAO ADMHMHMONGHO DOAN AOWO TO DAOWAWO HH MMMO 


MOHOMHHDHOFONOFOHMMHOOHHH MO AHS MH MMAG¢H¢ HH AdSOH+HEMNIOOM 
sou ee le opal oearae fae oe thapiised Wal Waremaccaeae ih i fl 
OADMOATADHO MO TFATATANHOWDANAMAOMMNMMH A OHH A HMO H INO H tH MMOO H 


CUUVMwBtst DAMAMAMMMMHAATAATIAIAIHHHHHHOOOS 
WY ee 0 Ba fo Kad Wat fa a ae ee Ped eh ACM ohh Shy 


PUIG SINS TET [Ge lfa Te ah Ve 
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TABLE V—Continued 


Pe, Mas x | y | Lia | Hoa | Hy§ | 425 | Ba | HS 


No. 


Comparison Stars 
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Cluster Stars 
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TABLE V—Continued 
No. | Pg. Mas. * | 4 | Ata | Hoa | Hy6 | M25 | Ha | 5 
Cluster Stars 

ESE rss F352) | ose: | — Tage 4 fo) +7 +10 + 2 + 8 
TI 2 vas 14.5 | to.r | —2.3 | + 2 fo) +15 + 8 + 1 +12 
T3200: T5.5 | 1-0-3) | =0.3%| = 3 =a) [este | ater ©) || --16 
TAS e ners I5.5 | --o23 | so: | + 3 + 4 + 6 +10 + 4 + 8 
T35.2 oteis Os Sel Oneal Oave ieee — 7 + 7 — 6 — 8 fe) 
T3207 15.4 | +o.3 | +to.5] — 2 = 3 + 4 +11 — 2 + 8 
Tayi vaks 14.5 | +0.4 | +2.5 | + 2 —-2f{+of{t+9 o | +9 
13 Seca. TCAs fOss teens) |S —= 6 +4 | +10 = 6 | 4% 
Ue (8 ret 15.8 | +o.5 | +o.r |] — 4 — I + 2 +11 —2 + 6 
A Oeearee 75.2 | --0.5 | —=0.2 | = 9 — 2 +12 + 4 — 6 + 8 
TAU S532. EEO feos A ese lacie — 2 +7 +13 © | +10 
TAZ. sera ripe aa) <q OnveAl qawnvp || Sa. ae —s st EE Le — 3 
TAQ 16.2 | +o.9 | +0.3 | —I0 — iI + 6 +15 — 6 +10 
I44.. $2.7 | +-0.9 | —1.4 | = 2 — I +11 + 2 — 2 + 6 
TAS pc 15.9 | +1.0] —1.2]/+ 4 —I + 6 + 4 + 2 + 5 
146.. 15.9 | +1.1 | —0.7 | = 3 — 3 + 5 + 2 —.3 + 4 
TAT 14.8 | +1.2] +1.7] — 2 fo) +9 +18 — 1 +14 
148.. 15.5 | 11:4} +1.7 | — 2 —1 + 6 — 2 — 2 + 2 
TAQ soaen 13.3 | +I.7 } —0.5 | — 4 — 5s —II — 7 —4 —9 
DEOL crates 16.2 | +1.9 | —o.3 | +11 +1 +14 +12 + 6 +13 


Table VI shows the results for M2. The fifth and sixth columns 
give the results for the 80-foot-focus plates; the last two columns, 
those for the 25-foot-focus plates. The comparison stars are num- 
bered rt... . 39, but star 17 was excluded from the derivation of the 
plate constants, as it has a considerable proper motion. The cluster 
stars are numbered 101... . 224. 
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MOTIONS OF M 2, 13, AND 56 


TABLE VI 
Co-ORDINATES AND ANNUAL DISPLACEMENTS IN M 2 


(The motions are given in o”oor as a unit) 
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TABLE VI—Continued 
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TABLE VI—Continued 


25-Foor Focus 


80-Foot Focus 


Po. Mas. 


No. 
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Ha 


Cluster Stars 
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TABLE VI—Continued 


80-Foor Focus 25-Foot Focus 


Ha i) Ma 5 


Cluster Stars 


~ 


O03 ste 16.6 ae Oe Gee WS aes eee natn + 19 + 5 
DOM sions Sets 17-0 + 2.7 Sa AB! Hi ik eyeccte biicrce aeeereuare + 34 — 8 
740) ee 17.0 Sr AP BO. WAR orn sce 9 erst enel + 27 — 3 
200.86. - 16.6 + 2.5 = BG) 1h at arte cle et ates + 18 +r 
DOT eater 16.6 + 1.9 = ay Oe ee PRR ore haere eric + 1 + 7 
Devs pene Sry + 2.1 2,30" Pant e aueda shee ores + at — 2 
200s cee. >17 + (0.2 AS. he wil Aerated peters euros + 4 fo) 
BIOV. hn ey 16.7 1 Ons ASE [ORE ER os spores. i) 2 + 3 
Theme wee 16.6 + 0.6 See Ee Wee mics RON SS cht eosT ars + 1 +11 
Taye Ses 16.4 + 0.7 Safe (Sioa eee ition, eo car + 14 +7 
DU reac >i + 0.8 ata R A! US ile misan etell cies erect tons ee — I 
Due Ino ee 5a + 1.3 RA SOS, Ices cbrellaeta tease + 1 + 4 
PTS oeeee. > 17 + 1.1 “LOA 1a stietrora oel ehine eee => 6 =) 32 
BrOcteeee 16.8 + 1.6 Sr ORY Wd hos eae et (era cao ose + 8 +7 
oH hseotur EO.Oo Weal Sed. WEE RSe Von ods eters + 3 + 6 
Det rR caer 16.8 — 2.4 Se ER (ER Moores ook reine Gee + 9 + 2 
AUG Nees 16.9 2.5 ne Oe ae ieee eeeror + 12 + 3 
220 0 17.0 — 3.4 See ee tea eee eecRontac ec + 9 — 4 
SDNY eee Ke 16.6 anaes =perD 0 Wie ee aes Vinee ticket “+ 13 - 3 
PUB eae Bn LOCOT Vasa OP cin Bes) lienenaene ee ore + 8 — 2 
OT eae Sut) + 4.7 Ste Ouse Ain eere viattie dome tace tree + 16 + 9 
DOAN Seles 17.0 + 5.1 are! OG, | a Siartvs oof ou teetee teres + 26 + 7 


* Rejected in determining the plate constants. 
t Magnitude uncertain. 


The next step is the derivation of the total motions of the clusters. 
Because of the nearly symmetrical distribution of the stars around 


TABLE VII 


RELATIVE PROPER MorTIONS OF CLUSTERS 


Plates, with 


Object Focus in Feet Ha BS 
Mi STwo pairs 80} -++o0%0008 +0%0004 

RTE E SE \One pair 25] +0.0028 +0. 0008 
WTO in coe ace Two pairs 80] —o0.0o18 +0. 0066 
M4 sOne pair 80] +0.0046 -+o. oo50 

Sab Sour’ 6 \One pair 25| +o.0091 +o0.0027 


the center, we may take the straight mean of the motions. In this 
way we find the results given in Table VII. The agreement between 


MOTIONS OF M 2, 13, AND 56 | 


the values derived from the 80-foot- and 25-foot-focus plates is satis- 
factory. Taking into account the weights of the different sets of 
plates, we adopt the mean relative motions: 


Vet 3 ae eer eee Ma=+0"0015 bs= +07 0005 
IMIG OMe incase: Ma= —0.0018 Ms= +0. 0066 
IM Dee yar arse Gores Ma=+0.0061 Ms=-+0.0042 


These motions are referred to the mean of the comparison stars. 
With the help of Table 26 of Groningen Publications, No. 29, we can 
compute the mean parallactic motions of the comparison stars used. 
For the three clusters, M13, 56, and 2, they are o”0010 in x = 286°, 
o”0005 in x=94°, and 0%0027 in x=127°, respectively. The final 
absolute motions of the clusters may therefore be taken as: 


WETS Co yas eae Pa = +0"0005 Ps = -+0"0008 
Mis Gece oa crc —0.0013 +0.0066 
IETS A creten pereorcie ee +0.0082 +0.0026 


Although the number of clusters is but three, it seems worth 
while to derive from these motions an indication of their mean 
parallax by the use of the formula: 


Using Strémberg’s recent value, V= 329 km/sec.,'wefind7=0"000061, 
which compares favorably with the mean of the three parallaxes 
found by Shapley, viz., 07000065. 

Subtracting the values of the mean motions given in Table VII 
from the proper motions in Tables III, V, and VI, we derive the in- 
ternal motions of the clusters given in the second and third columns 
of Tables VIII, IX, and X. The unit for the motions is again o"oor. 


1 Mt. Wilson Contr., No. 292; Astrophysical Journal, 61, 353, 1925. 
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TABLE VIII 
INTERNAL Motion In M 13 


No. 


80-Foot-Focus Plates 
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TABLE VIII—Continued 


No. | He | 4s | Hrad. | Htang. } No. | Ha | #5 | rad. | #tang. 
25-Foot-Focus Plates 

ZV EDE Gist +2/+e2}+e2/+2 022.2. 8% —2!1+8/+6]-—5 
SB Yate Mates: + 2] —18 | —18 }] — 3 ]] r1or0...... —4/+4/+1]-6 
B20 Marois 42 —13 | +11 | +14 | —I0 |} ro3r...... +5/+aj/+3r]—6 
3200. 7) eto oria-3) le" Oui!) TO34. 2,0. - +4]/-—-7/+8 fe) 
BOR recess +7)/—-7|+ 6] — 8] 1034¢..... +i1rj);+1 o|—tr 
BGO pains ies “- r}— § | + §-\-=— £ |) 1037¢@....... —4}/+4/+1] -— 6 
O27 Seiwatde 8 2 | = 5 | 1037 2. + 8 Oo | -- 5 | 4-6 
ON Amoe — 5|+ 6] + 6] = 5°|] 1r063...... =r 1 if) | 37 | — 6 
OAT 5 | == a | 4 24 + 5° || robo... aan Ae | pa) eames 
AQ sts sn ias Se ae = 6 = 4 If TOO. aa... —4}/4+4]/-—2]-—5 
FOO. cb cro —-1]/+1]/-—1/4+1 TOVOsaniert —4/+6/+2/]-7 
FOU et set + 3 Onitatwiel 0 2 UN TOO ect — §5)4+23f—2)/—5 
MOU Mansi +12 | 3 Dato Tessie... « +9 oj/+8]—4 
BOGia ae aa SA adn om Pa a TOSS. as a. +7|+ 7] +2] -—I0 
reli UG Hecen rye e-6 | =" 5. | =e 6) | "7 II! TOOO. «ss olf+7|/+t2/-7 
3220 ns ot +rij+4)/+4 O |} Iogoa..... +8/+7/+o0/-—5 
S220 rats: — 9-2 a 2 — 2 || 0s)... —3/—2|]—3]-I1 
Ome ke + 21=—8)|-+ 8 | + f£ || 1rd6e..... +19 | +13 | + 6] —22 
S7OGR vast —=— 2) = 2 ae 2} T106...0 5. +12/+1j,/+9/-—8 
BOO frwuie rts —7|/—3]—6|—4]] 11060..... +17|+7]+9] —16 
Oeste vie: FEB oo te (a Teel A Vee | | fae oa Se —13 | — 6| —14 | — 2 
226 saci +8/+o9] +11] + 4 


The resulting values have been used for different purposes: 
(a) They were utilized to derive an upper limit of the probable 
errors; the results have been given on page 4. (0) In Contribution 
No. 129,’ Pease and Shapley have called attention to the asymmetry 
found in several globular clusters. While this asymmetry is extreme- 
ly small, if not negligible, for © 56, they were able to derive “galac- 
tic planes” for both M 13 and 2. From the flattening of several of 
the clusters, as well as for theoretical reasons, we might expect 
the stars in the clusters to be moving in orbits parallel to the galactic 
planes, around the center of gravity; but according to Russell such 
motions should be less than o”oo1 per year even in the nearest of 
clusters. The internal motions for the two clusters, M 13 and 2, 
were analyzed into components, parallel to and at right angles to 
these planes. In both cases the positive sign was used for motion in 


t Astrophysical Journal, 45, 225, 1917. 
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the direction southeast and away from the “galactic plane,” re- 
spectively. The results are: 


M 13 


" EL || =—0%0004+ 070003 
Two pairs of plates, 80-foot focus Gi Wick re reno ee 
\ i || =—0.0001 £0. 0005 
One pair of plates, 25-foot focus ii lsat 10 ceo ocne 


M2 


: iu || =—0.0003 0.0002 
One pair of plates, 80-foot focus HII 


[a .0002 + 0.0002 


fae | fee i 


= 

- 
I 

ze 
fe) 


pb || =+0.0004+0.0006 


One pair of plates, 25-foot focus i 6 ep aeo oes 


The dispersion of the motions in the direction parallel to. and at right 
angles to the “galactic plane’’ is practically the same; this indicates 


TABLE IX 


INTERNAL Motion 1n M 56 


No. Ha #5 rad. | #tang. No. Ka a) rad. | tang. 
Ior .| +2 + 1 o | +2 T 20% reterenee —6 =| ame 
TO2 . —2 —1r1|/+21{|—2 27-0) eevee —4 —18 | -17| +7 
103. fe) + 1 o | +1 TOG cckserere s +2 —ir1/+1}]/+2 
104. +2 o|—1|+te2 T20. eee +6 —2;);+6]+ 2 
TOSS 2 vee cine +8 —1o | —12 | +4 TOME +1 —4|/+4 fo) 
TOG cer oheae —2 +2/]-+2)]-+2 TSU sue ea +4 +2rl/—-zrj]/—4 
TOF. —4 ng Oo} —s§ 22 eee ten +3 +s5|—4]—4 
108... By Vet iat sie ee i ae ae U3 Sinstncthes ape = 3y |) aan 8 
109. +1 +3/]+1] +3 UsAtee ones +6 +1/+6|/+ 1 
DEO cea ° — 3] + 24 —2 TSS a eee —(F me Vf |p eer ON |) a 
Ill. .| +2 + 2 Oo | +3 5d Ontceee fo) +1}+ 1 fo) 
TID dee fo) — 3 | 4-2 | —2 Cayce +2 +2)+3]+1 
TES o 1 2 3 = 4 | —x HEPES Bee aa OPM ets Wie HS 7 
ErA ct +4 +1zr]/—3)+3 se Ons ° — at | a eran 
EG —A as |e | —3 LAO commer =A | eet | Fao — ee 
TiO. +6 = 2 gs Ps TAT Stacie ae nine eh ae ee 
BE Kis. esa ayets A. Sine se dtm te aco, EA? oe ee ° TOO) |ltaed 
118. o |+3]—-—3)] +12 TA3 2 aes =f eal es, 
TIO. —4 + 1 o| +4 TAA ee ae fo) —r1{/+1}/+1 
120. Se: =D — | 17. ie PO AY aA: —) 2) | etn nae 
Pode apes MWh qc 2) eas lh are TAGs ee a = % oO} +3 
Es 2 eee 1-3 = eh = eh) Ss CA Tot eer =r eel) =t-s Ol) ies 
PH el —4 en (ie wt oa WAS yas iste ° ao ih |e 
TeV RR ee +4 —3/+5]|-—2 EAQs a orice —2 —16|}+ 1/ +16 
POE orets Occ +3 |+4/+ 5] +2 150. +8 | +6!1+ 8] — 6 


that there is no pronounced motion parallel to the galactic planes. 
(c) The internal motions for all three clusters were finally resolved 
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TABLE X 
INTERNAL MotTION IN M 2 
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TABLE X—Continued 


No | Hg ug rad. | Htang. Hrad. | #tang. 
25-Foot-Focus Plates 

TOO since eee) On fn eS) Oa | ROS era +10} —6]+ 5] -—11 
T Oe nee +2 oOo} -F rf} — 2 || fo6....... o|—6]— 6 fe} 
LOS etter <a —2/+s5};+2]— 5 || ro7......- —31+s5i+5)/—3 
TOS oie fae sim ove —6{/+4]—7|-+ 2 || 108....... — fo) o|/—2 
LOOM eee se | S00 lista 5e le 4S || OO meee +14 | — 9 | +13 | —11 
TO neanpiasvie ae —1r | + 5} — 2 | —12 || 200....... Sol |e al) yt re |) 8 
MAT ctecesheerers —6/!1+4 Oye 7s ||| 2OLemomiees ca mocy itor octal aie YA }) Ga 7 
Tt De eye oss —4 oh ee O15 |) SOQees teen + 1] —25 | +23!4+ 9 
W738 dies wees gf a 20 Ph POR acs ire --ro || -- 2 | -- 3 | —z0 
TVA St a: |e — | bean OA er reererels pos | a ore 
7G eevee Oo} | — 2) =e 2) | “tl Bose aes +18 | — 6] +15 | —12 
TF Ox varcciske pete EA © | sre ear ol 200 sone +o|/—2]+7]-—6 
st hee Gimlog nae + 3-| —z|—2|— 3 || 207....5.. c= &) || See o}|/—9 
TVG cecee vel tr 29) Sb eS eB al 20S eta +12} —5]-+ 2 | +133 
W/O Her otee =" 2 ©: [Reser | = 5s Fl 2O0m aac cee ty |e Biol oa ey IP ae 
TOOsere dees — 1 oj/+1 Goll oi Oaeenwor = 7 o|—7|+1 
TOS ees pen 3 | St | Ge 2) | | bein eee coe eda ratte ded | ais! te) (le cymes 
Toone wee o|/+4]—3]+ 2] are....... ap S| ae Zh |) ae 28 || ae 
Bok bilge Beenie +3/—-2/]—3| + 2 |} 273....... 3 |S 43s tees 
TOA cde e ie tele On er os era sone — 8j/+1]—1]-— 8 
TOS ary os ena | hes Op Seer aes || esas dt yl oy [js fay | Stay 
TOOL cee ok = 8} +21)]+3 | — 8)|| 226....2.. —r1i}/+4a/+4|— 2 
TOy neice scee sie fo Oar an | eae neers — 10) | -3) | steel 
TO eee oh +i{/+te|jte|t+t.t DTS genesis oj}/—-iri]/—1ri|—t. 
ToGientee se} toto Oo] = 2 | -+ro ||. 219......2: aR © | = 2 | -hr2 
OO ee. +7) + 8) + 61 + © |] 220...52.% o|—7|—3]|--— 6 
TOT Se tke hte oe A te 2 ||) Dare ee ees ae o|—3|]+2 
EQ Baers sc sche +r | —10 | = 7 | —13°|| 22255. .0,. —i1/—si|—3/1—4 
EO aon toe Sit (PS EN eine oe [lores toy I) Cee coca oe +7/+6/+8]-—-—s5 
TOAC. wavces| ro: | TO I S| Toll sant +17} +4] +17 | -— 2 


into radial and tangential components, the positive signs being 
used for motion outward and in the direction N-E-S-W. The results 
are given in the fourth and fifth columns of Tables VIII, IX, and X, 
using again o”oor as a unit. 

A radial motion might be expected if the clusters were either 
expanding or contracting. For M 13 we find from the 80-foot-focus 
plates the mean radial motion +0%0006+0%0003, and from the 25- 
foot-focus plates +-0%0013+0"%0005; for M 56 we find —o”0002+ 
of0005; for M 2 we find —o0’%0004+0"0003 from the 80-foot-focus 
plates and +0’0019+0"0005 from the 25-foot-focus plates. While 
there is slight preponderance of the positive sign, indicating an 
expansion of the clusters, the amount is too small to draw any defi- 
nite conclusions. 


‘ 
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From (b) it follows that the motions resulting from a possible 
rotation of the clusters are small. Tangential components of the mo- 
tions were derived therefore only because evidence of such motions 
had been found in the measures of spiral nebulae. The results for 
the clusters are: 


M Two pairs of 80-foot-focus plates ptang.= +070001 + 070003 
per at One pair of 25-foot-focus plates utang, = —0.0034+0.0004 
INIGS OF are se Two pairs of 80-foot-focus plates utang. = —0.0002+0.0003 
M One pair of 80-foot-focus plates utang. =+0.0001 +0.0002 
oe One pair of 25-foot-focus plates utang. = —0.0026+0.0005 


In the mean, the tangential component for all the cluster plates 
taken at the 80-foot focus is exactly o”0000, while in the case of 
M 33, observed at that focus, an annual tangential component of 
o”o1r40 was found; for the cluster plates taken at the 25-foot focus 
the mean tangential component for M 13 and 2 is 0%0030, while for 
seven spirals it is 070184. 

It has been thought that the large displacements in the spirals 
might be due to a difference in quality in the old and the new plates. 
In that case the annual motions derived would be smaller for pairs 
of plates with longer intervals, but the total displacements would be 
of the same order, and should be the same for both the clusters and 
the spirals. We find, however, that the total tangential displacement 
in the case of the 80-foot-focus plates is 0070 for the spirals, 0000 
for the clusters, and, in the case of the 25-foot-focus plates, 07174 
for the spirals and 0%044 for the clusters. 

The length of exposure, too, cannot have caused the displace- 
ments in the spirals; for all the 80-foot-focus plates, for M 33 as well 
as for the clusters, these were about a half-hour, except for M 2, 
where the exposure times were fifteen and twenty minutes. The 
exposures for the 25-foot-focus plates of the spirals ranged from one 
hour to eight hours, while for the clusters they were one hundred 
minutes and five hours, respectively. 

Since the comparison stars for the spirals are brighter, on the 
whole, than the nebular points measured, it has been suggested that 
the rotational displacements found in the’spirals might be due to 
some obscure magnitude error. It was for this reason that several 
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faint objects were measured on the plates of the clusters taken at the 
25-foot focus. While no stars fainter than magnitude 16.5 could be 
measured on the plates taken at the 80-foot focus, the range in 
magnitude for the 25-foot focus plates was from 12.5 to the eight- 
eenth or nineteenth magnitude for M 13, and from 10.3 to well below 
the seventeenth magnitude for M2. No correlation whatsoever 


TABLE XI 
MAGNITUDE 
OBJECT —_ 
<12 | rs | 14 | 15 16 | z7 18-19 | 
80-Foot-Focus Plates 
oo) | tr 3)al) —2 (ra)! | = (02) [occ cilia soar Comparison stars 
M 13¥....]....005. (42 (8) | —x (7) ON(AS)al yn ate ec meee lear eares Cluster stars 
M 56 {—x (x2) o (21) Oa) A isectan dhveccsemee Potente Comparison stars 
cee he ma \+35(6)t | —3 (4) | +05(33) | —x5(7) |......-..].....---.| Cluster stars 
Mot {+4(s) | —o (7) | —2 (10) | +3 (14) PoC) ull RASTER eee A [Ets an Comparison stars 
ith agement o (7) OSA)" | OTSA)’ litiaacinalerss:| aasteereaaell eaeciteeren meCuUsteretars 
25-Foot Focus Plates 
M 13* {—08(8) | +-05(r3) (A a | mnths (EE)! | Percteestateemrenll even alct atric Comparison stars 
anced We aie tala \—4 (5 o (3) —3 (12) | —3 (30) |.........] —33(22) | Cluster stars 
M ot f+e2(s) | —8(7) | +z (zo) | +2 (x4) | —25(2) |... ce. ccf eee eee Comparison stars 
eiepeis Le cieasal ses csneers| S15) | em~2(24) | arae(30) le ai(as) alee we nari eC Usteretaxs 


* The two variable stars, Nos. 306 and 816, and the two stars having considerable proper motion, 
p and s, were excluded. 


+ It is doubtful if these six stars, Nos. 101, 105, 125, 131, 144, and 149, are members of the cluster. 


t Star No. 17 was excluded on account of its large proper motion; Nos. 164, 175, and 176, on account 
of the uncertainty as to their membership in the cluster. 


seems to exist between magnitude and tangential component, as 
may be seen from Table XI, where the tangential components are 
given in thousandths of a second of arc, while the figures in paren- 
theses indicate the number of stars used. 


In concluding I wish to express my thanks to Messrs. Pease 
and Humason for obtaining the 25-foot-focus plates, and to Mrs. 
Marsh, of the computing division, who has assisted in the numerous 
reductions involved. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILtson OBSERVATORY 
April 1917 
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ON THE RELATIONS BETWEEN PERIOD, 
LUMINOSITY, AND SPECTRUM 
AMONG CEPHEIDS 


By HENRY NORRIS RUSSELL 


ABSTRACT 


If it is assumed that the median total luminosity of periodic variable stars follows 
the observed mass-luminosity law, and that the variation of any given type arises from 
a dynamical oscillation of some definite sort, it follows that the existence of a relation 
between period and luminosity demands one between period and spectral class, and vice 
versa. For the normal Cepheids, the observed change in mean spectrum with period is in 
excellent agreement with that computed from the period-luminosity curve. If variability 
of long period arises from a dynamical oscillation, the relation between period and density 
must be roughly the same as for the Cepheids. For the cluster variables, the period corre- 
sponding to a given density must be shorter than for the Cepheids, and the properties of 
the dynamical system must be rather peculiar. 

Periodic variables decidedly fainter in absolute magnitude than the period-lumi- 
nosity curve indicates should be much redder than Cepheids of the same period, if they 
owe their variability to dynamical oscillations. No cases of this sort are known among 
the galactic stars. 

The existence of a very close correlation between mass and ab- 
solute magnitude is an established observational fact, the only ex- 
ceptions being white dwarfs like the companion of Sirius. It is equal- 
ly well established that, for stars of the same mass, the effective 
temperature (or spectral class) has a quite subordinate influence on 
the brightness. 

We may therefore accept as a fact, independent of any theory, a 


relation of the form 
L=F(M)T™, (x) 


where L is the total radiation, WM the mass, and T the effective tem- 
perature of the surface. The form of the function F(M/) over the 
whole observable range is close to that given in Eddington’s theory.’ 
For small luminosities it varies nearly as M4, and for great luminosi- 
ties about as M?. As for the exponent m, the observational evidence 


t Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 


2 Monthly Notices, R.A.S., 84, 310, 1924. 
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shows only that it is small. Eddington makes it +4/5. We may, if 
we wish, write (1) in the form 


L=M*T"{(M) , (2) 


where, by suitable choice of 7, f(M) may be made nearly constant 
over a range of a few magnitudes in brightness. But we have al- 
ways 

L=4norT4 = $7pr , 


where o is Stefan’s constant, 7 the star’s radius, and p its mean den- 
sity. Eliminating M and r from (2) we find 


3 


Lf) = Const. p-"T"—™ (3) 


For the brighter stars the best value of 1 is about 2. This gives, ac- 
cording to Eddington’s data, the following relative values of f(/): 


ApSHMaov 0 a) oor ° —I —2 —3 —4 5 0) 
ACI) erapencalete ae OC, 0A On0300 Ll 1COmmED 403s TO amet OOMNOnO MEO S2 


Introducing n=2 into (3), we have 
L=Const. T°-*%p=f-? (4) 


This equation is a transformation of that of the curve of mass 
and luminosity. It is applicable to any star whatever, provided that 
it is remembered that for absolutely faint stars, or for bright stars 
(if they exist) which do not follow Eddington’s mass-luminosity 
curve, the values of f may differ seriously from unity. The great im- 
portance of the effective temperature in determining the brightness, 
and the relative insignificance of the imperfectly known constant m 
and of the correction term f are noteworthy. 

We may now apply this equation to the case of Cepheid varia- 
bles. There is a great deal of evidence that the immediate cause of 
the variation of all those stars whose variability is ‘“‘punctually”’ peri- 
odic (as Miss Clerke put it) and not explicable by eclipses is a peri- 
odic variation in the effective temperature of the visible surface, ac- 
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companied perhaps by changes in size or shape, and that behind 
these changes there is some sort of dynamical oscillation within the 
system, taking place under gravity. The volume pulsations con- 
sidered by Eddington and the changes of figure connected with ro- 
tational instability and fission considered by Jeans are examples of 
such oscillations. For any such dynamical oscillation of definite 
type, the period P and the mean density p should be related by an 
equation of the type 


p=P-q(P) , (5) 


where g is a slowly varying function. 

For similar systems, differing in density but not in physical con- 
stitution, g should be strictly constant. In an actual case, physical 
changes, such as that of the ratio of the specific heats in a pulsating 
star, or of the degree of internal condensation in a dividing mass, 
might cause it to vary gradually. For oscillations of different dy- 
namical types, the values of g will be different; but it is well known 
that, except for higher harmonics, they are usually of the same order 
of magnitude. 

There are, indeed, systems for which the relation between P and 
p is less simple, and depends on other parameters. For example, in 
an eclipsing pair it involves the radii of the two stars, in terms of that 
of the orbit. In such systems, however, one would expect that the 
form of the light-curve would depend upon these additional param- 
eters, as it does for eclipsing variables. For the Cepheids, however, 
Hertzsprung" has given evidence that the remarkable differences in 
the forms of different light-curves are very closely correlated with 
the period, stars of the same period having very similar curves; and 
this is good prima facie evidence that no additional parameters are 
of fundamental importance, and thus equation (5) is applicable. 

The radiation from an oscillating system will vary, and its mean 
value will presumably differ more or less from that which it would 
emit if the oscillation should be reduced to zero; but this difference 
may, in general, be expected to be of the second order with respect 
to the amplitude of the oscillation. It appears therefore safe to as- 
sume that the range of values of Z during the oscillation will include 

Bulletin of the Astronomical Institutes of the Netherlands, 3, 115 (No. 96), 1926. 
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the equilibrium value. Upon this assumption we may combine (4) 
and (5s), introducing at the same time m=0.8, which is abundantly 
accurate for our purpose, and write 
Ts6P2 
T=Const.x< fice (6) 
With proper values of g and f, this equation should hold true for all 
oscillating systems. 

It may next be remarked that there is nothing in these relations 
—or, indeed, in any relations derivable from the general nature of a 
dynamical oscillation—to give a period-luminosity curve. No gen- 
eral relation can pick out one distinctive value among the infinity of 
possible solutions of the dynamical problem for a given mass; such a 
relation must be based in some way upon the properties of atoms. 
The relation of mass and luminosity is a case in point; but, though it 
determines the radiation from a star of given mass and radius, it puts 
no restriction at all upon the radius of a star of given mass. The ex- 
istence of a specific relation between period and luminosity, and 
hence between density and mass, indicates that the atomic (or 
quantum) properties of matter must again enter the physical prob- 
lem. How and why they do so is not yet understood; but it is an im- 
mediate consequence of equation (6) that, if such a correlation be- 
tween period and luminosity exists, there must also be an even closer 
correlation between period and effective temperature. Either one 
implies and demands the other. 

This statement is not new; it is contained implicitly in the equa- 
tions of Shapley’ and the theoretical work of Eddington,? and Jeans’ 
has recently shown how a period-luminosity curve follows, on his 
hypothesis, from the assumption of constant temperature. This as- 
sumption, however, really begs the question, from the standpoint of 
theory. We can at present give no definite reason why a rotating, or 
pulsating, star of given mass should find itself in a critical condition 
for some definite value of the mean density, although we may sur- 
mise that changes in ionization have something to do with the mat- 

* Mt. Wilson Contr., No. 154; Astrophysical Journal, 49, 24, 1919. 


2 Monthly Notices, R.A.S., 79, 2, 1918. 
3 Ibid., 85, 808, 1925 
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ter.’ From this point, therefore, our procedure must be empirical. 
We take one of the two relations between period, luminosity, and 
effective temperature from observation, deduce what the other 
should be, and compare this with the facts. 

According to Shapley’s latest period-luminosity curve? the visual 
absolute magnitude of a Cepheid increases from —1.30 to —3.13, for a 
change in log P from 0.5 to 1.5. The corresponding change in visual 
magnitude is probably about —2.2, and in bolometric magnitude 
about —2.5, so that approximately L © P. It follows from (6) that 

5.6 
“afi Const If we ignore the changes in f, which are probably 
quite negligible, and in g, which are likely to be small, we will have 
iprice P-o78, 

The observed datum is not the effective temperature but the 
spectral class. For the relation between them we may well adopt the 
values for giant stars deduced by the writer from various sources,3 
as follows: 


S) ee cee Oe Ao AS Fo Fs Go Gs Ko 
cee eee I1,000° 8600° 7400° 6500°  5600° 4700° 4200° 
(Sompaew ne. 10,500 8g00 7600 6500 5600 4700 4000 


The computed values are derived from the formula 
log T=4.02—0.14 (Sp—Ao) , 


which is substantially identical with one used by Eddington,‘ Fo 
being taken as 1.0, etc. This is evidently a sufficient approximation 
for the present purpose. According to it we should expect to find 
the spectral class advancing by 0.18/0.14 or 1.3 divisions for an in- 
crease of 1.0 in log P. It is well to note that the Cepheids actually 
show an advance in spectral type of just about this amount. 
Adams and Joy’ have determined the spectral classes of more 


«Cf. Eddington, The Internal Constitution of the Stars (Cambridge, 1926), pp. 
200-205; Russell, Dugan, Stewart, Astronomy (Boston, 1927), 2, 921. 

2 Harvard Circular, No. 280, 1925. 

3 Ob. cit., Pp. 753- 4 Op. cit., p. 181. 

5 Mt. Wilson Communications, No. 100; Proceedings of the National Academy of 
Sciences, 13, 391, 1927. 
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than fifty Cepheids, allowing for the variation during the period, and 
reducing to the median value for each star. A freehand curve drawn 
to represent these results gives the classes F4, G2, and Gé6 for log P 
=0.5, 1.0, and 1.5, respectively. This close agreement encourages a 
more detailed test. By starting with Shapley’s period-luminosity 
curve for photographic absolute magnitude A, the bolometric abso- 
lute magnitude, B, may be derived by applying E. S. King’s color 
indices! and Eddington’s corrections from visual to bolometric 
magnitude.? We have then from (6) 


5-6 log T=Const.+log L—2 log P 
or 
log T=3 .85—ye B—y log P, (7) 


where the numerical constant has been determined so as to agree 
with the general mean of the spectroscopic data. 


We thus find: 
log P A B log T Spectrum 
On Ono arenes —o.51 —o.82 3.91 A8 
ee ae I.14 1.56 3.02 F4 
0.8 1.78 2.48 3.74 Go 
r.2 2.48 3.6 3.68 G4 
1.6 mea 4.9 3.63 G8 
2.0 —4.81 —6.5 3.60 Ko 


The observed spectra and those derived from equation (7) for 
the variables observed by Adams and Joy which have periods be- 
tween one day and one hundred and thirty days are given in Table 
I and plotted in Fig. 1. Stars for which the variation is not of the 
normal Cepheid type are marked by asterisks, and cases in which 
but a single spectrogram has been obtained are marked by daggers. 

The differences between the observed and computed spectra, 
which are given in tenths of a class in the last column, are usually 
very small. They are considerable for several of the stars at the end 
of the list, which, however, have not the typical Cepheid variation, 
but belong to the RV Tauri class, or are still more irregular. Of the 

* Harvard Annals, 85, 61 (No. 3), 1923. 

2 Op. cit., p. 138. 
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stars of shorter period, RW Aquilae has a spectrum with hazy 
lines, very unlike a normal Cepheid, and RY Bodtis shows no varia- 


TABLE I 


OBSERVED AND COMPUTED SPECTRA OF CEPHEIDS 


Desig. | log P |Obs. Sp.| “QP | O—C |} Desig. | log P_ Obs. Sp] C2™P- | O-C 
SW Tau 0.20 | F3f Fr | +2 SY Aur 1.00 | Go G2 | —2 
SUL Cassa... 28 | F4 F3 | +1 ¢ Gem r.00 | Gr G2 | -1 
TU Cas 33 | F4 F4 ° Z Lac 1.04 | G3 G2} +1 
Statice 50 | F7 Fo | +1 VX Per 1.04 | F7t G3 | —6 
RT Aur 57 | Fo F6 ° SV Per 1.05 | G2 G3 | -1 
SU Cyg 58 | F6 F7 | -1 RX Aur 1.06 | F8 G3 | —5 
VGAUTER ences 59 | Fo F7 | -+2 SZ Cas 1.13 \7Gr G4 | -3 
THUY DEER oe 60 | F7 F7 ° TT Aql 1.14 | G2 G4 | —2 
ST Tau 61 | F8t F7 | +1 W Ser r.15 | G4 G4 ° 
PEN ore cat 64 | Go F8 | +2 RW Cas Te as |; G4 | +1 
VZ Cyg 69 | G2 F8 | +4 SZ Cyg 1.18 | G6 G4 | +2 
WW, IDC Caen ae 70 | F7t Fo | —2 SV Mon 1.18 | G4 G4 ° 
TM ESF a8 0 75, Ge Fo | +3 X Cyg T2r | G4 G4 ° 
DLCED ew ee: 72 | F8 Fo | -1 RW Cam .| 1.21 | G4 G4 ° 
XS LACH thes 73 | Fo Fo re) CD Cyg 1.23 | Got Gs | —5 
Vasotec 76 | Go Go ° SZ Aql 1.23 | G3 Gs | —2 
IOV Scone ac 78 | Gst Go! | +5 Y Oph 1.23 | G3 Gs | —2 
BSG VAT recone 80 | G3 Go | +3 W Vir 1.23 | G4 Gs | —1 
RR Lac 81 | G3 Go | +3 RS Cet 1.24 | Got Gs | —s 
XX Ser 81 | Got Go ° RU Sct 1.29 | Gst G5 ° 
LPS Aner 83 | Fo Go | —1 RY Sco f23%0 1) Gsit Gs ° 
WrAGiewca's 84 | Fo Go | -1 WZ Ser 1.34 | G8 Go | +2 
DCist anaes 84 | F7 Go | -3 X Pup t.41 | G7 Go | +1 
PAC oeetater 85 | Fo Go | -1 T Mon 1.43 | G6 G7 | -1 
RSiOxie ee 88 | Go Gr | —I RS Pup 1.62 | G4 G8 | —4 
WESC gage 88 | Go Gr | -1 SV Vul TROSUIAGS G8 | — 
WaGenia..=. go | Gr G1 ° SoiGem= | ers05 /eGry G8 |(—7) 
RX Gem 90 | Go Gr | -1 UU Her*..| 1.66 | Go G8 |(—8) 
RW Aql go | F3n Gr |(—8) || S Vul* 1.82 | Go Go (0) 
WVU go | Gr Gr ° V Vul* 1.88 | K3 Go |(+4) 
SISten tena 92 | Go Gr | -1 R Sge* 1.89 | G7 Go |(—2) 
RY Boo 95 | F3 Gr |(—8) || SX Her*..| 2.01 | Gze Ko |(—7) 
AWA Elen 0.98 | Go G2 | —2 RX Cep*..| 2.11 | G7 Ko |(—3) 


* Not a normal Cepheid. 

+ Only one observation. 
tions in radial velocity. The photometric data are poor in both cases. 
It appears justifiable, therefore, to exclude these stars from further 
discussion. The residuals for the excluded stars are placed in paren- 
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theses in the table. It is worthy of note that all but one are negative. 
Their average value is —o.4 class and the greatest is —o.8. 

For the remaining fifty-seven stars, the average difference be- 
tween the observed and computed spectra is only 0.16 of a class. 
The eleven stars for which there is only one spectroscopic observa- 
tion give +0.25, and the forty-six others +0.14. 

The part of the discordance which arises from errors in the esti- 
mates of spectral class is small. For the forty-five stars for which 


| 

| 

et 
Pa 
6 


I. 


LogP 0.0 8 0.2 0.4 0.6 860.8 1.0 te 1.4 I 


or) 
2 
e} 
iS) 
iS) 


Fic. 1.—Relation between spectrum and period among Cepheid variables. The 
curve is that derived theoretically in this paper from Shapley’s period-luminosity 
curve. 


more than one plate was obtained, the average deviation of a single 
estimate (corrected for periodic variation of spectrum) from the 
mean is +0.094 class. By allowing for the fact that, on the aver- 
age, a little more than three observations go to a mean, the actual 
average error of one estimate comes out at +o.11 class, and that 
of an average mean value +0.06 class. Correcting for this, we find 
the actual divergence from the computed curve to be 0.13 class for 
the forty-five stars, corresponding to a probable error of distribu- 
tion of +o.r1 class, or +0.0154 in log T, which again corresponds 
to +3.5 per cent in the temperature. 
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It may be concluded from this that the relation between period 
and spectral class among the typical Cepheids is very closely that 
which would exist if the stars were all similar dynamical systems, 
with densities inversely as the squares of their periods, and if their 
median magnitudes agreed exactly with Shapley’s period-luminosity 
curve. If it is assumed that the quantities g and f in equation (6) are 
strictly constant, but that the deviations between the observed and 
computed spectral classes (and temperatures) are real, the mean de- 
viation of +0.13 class corresponds to one 0.14 X5.6X2.5, or 1.96 
times as great in the absolute magnitude: that is, to to.25 mag. 

The observed discordance is +0.23 mag.,! but includes, however, 
the effect of several other factors. The greatest observed discordance 
for normal Cepheids, 0.6 class, corresponds to 1.2 mag. For the stars 
whose variation is abnormal, the largest discordance is —o.8 class, 
corresponding to —1.6 mag. (if the assumptions are to be trusted 
here, which is doubtful). It is noteworthy that all the considerable 
discordances indicate a higher temperature, and hence a brighter ab- 
solute magnitude than the normal curve. No observed discordance, 
for either a normal or an exceptional star, suggests that it is more 
than a magnitude fainter than the period-luminosity curve indi- 
cates. A small systematic error appears in the residuals, however, as 
shown by the following means: 


LOG Mee trcistere eect -50, 01m LOvO-O754| OL o=5y 0. |) £.0-Lua) ete e-1. 3) |e tes 


INOSStaTSs oc genes « 7 Io 14 72 8 6 
Meantor Ps... os. 0.44 0.69 0.87 1.09 1.23 1.46 
Mean residual...... +0.07 +0.12 —0.04 —0.13 | —0.20 —o.08 


These indicate a change in the residuals from about +0.1 to —o.1 
class as log P increases by 1.0, which suggests that the factors q¢ 
and f in (6) are not really constant. The latter is not likely to vary 
much; if the change is thrown on the former, it would appear that 
log g must decrease by about 0.16 as log P increases from 0.5 to 1.5, 
which, by (5), means that the density actually varies over this 
Fanve notasee =, but 4s p>". 

Variation in the physical conditions might well account for such 

t Harvard Circular, No. 280, p. 4. 
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a change. The whole discordance could also be removed by the as- 
sumption that the actual difference in absolute magnitude between 
Cepheids of periods three and thirty days was greater by 0.4 mag. 
than Shapley’s curve indicates; but this is beyond the bounds set by 
the observations. 

This analysis affords strong evidence that a dynamical process, 
of a single definite type, lies behind the variation of the normal 
Cepheids. It does not, however, tell us anything more about the 
process—the hypotheses of pulsation, incipient fission, and probably 
many others would all meet this condition. Nor does it bear upon 
the vexed question of the zero-point of the period-luminosity curve. 
It does, however, afford strong evidence in favor of the existence of 
such a curve, and the close agreement of the luminosity of most 
Cepheids with it. It is worthy of special attention that all the con- 
siderable disagreements in spectrum are on the whiter side of the 
curve, indicating that the stars in question, if indeed they are similar 
dynamical systems, are brighter than the normal for their period. 
Stars which are fainter than indicated by the period-luminosity 
curve should be redder than normal, and no evidence of any serious 
deviation of this kind has been found for stars having periods from 
one to a hundred days. One or two variables of spectrum Me, which 
are obviously of the long-period type, though with periods slightly 
less than one hundred days, are not considered here. 

Accepting this as an observational fact, we find it of interest to 
inquire under what other conditions a dynamically oscillating sys- 
tem could give rise to a variable star considerably fainter in abso- 
lute magnitude, but having a period and a surface temperature 
within the observed range. ‘This can happen only if q or f is large 
compared with its values for the Cepheids. 

Now, for stars which follow the mass-luminosity law, f is nearly 
constant for the brighter absolute magnitudes and decreases for the 
fainter ones, Eddington’s data giving, on the same scale as above: 


PADS DAD s,s ccrc, oie ° 2 4 6 8 IO 12 
Ui ORO 0.83 0.47 0.21 0.084 0.031 0.012 0.0045 


If a variable is to be faint (for a given density and temperature), it 
must therefore emit very much more light than the mass-luminosity 
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law allows. This seems at first paradoxical, but it is a simple conse- 
quence of the transformation of equation (2) into (4). No such stars 
are known, and there appears to be no way of escape in this direc- 
tion. A larger value of g, by equation (5), signifies that the type of 
oscillation is such that the period is considerably longer for the 
same density than in the case of the typical Cepheids. This again 
seems improbable. For the pulsation of a spherical body, for ex- 
ample, the higher harmonics have shorter periods than the funda- 
mental; and, in the case of rotation, there is no approach to instabil- 
ity for angular velocities much smaller than those which start fission. 
Periodic changes which depend on alterations of other physical con- 
ditions, however, may have far longer periods than those of gravi- 
tational oscillations; for example, the sun-spot period is of the order 
of fifty thousand times the length of a gravitational pulsation of the 
sun. 

It is of interest to apply equation (7) to the periodic variables of 
other types. Take first the long-period variables. We have no ac- 
curate information regarding their bolometric magnitudes, but know 
that they are very bright. The visual absolute magnitude at maxi- 
mum lies not far from o and the heat index is about four magnitudes. 
Taking a period of three hundred and thirty days (that of o Ceti), 
we find for B= —4, T=1750°; and for B= —5, T=2050°. The latter 
fits very well with Joy’s estimates! of a temperature of 2300° at max- 
imum and 1800° at minimum, thus indicating that, if long-period 
variation is due to a dynamical oscillation, the relation between 
period and density, in its case, may be much the same as for the 
Cepheids—which is far from saying that the oscillation is of the 
same type. The well-known advance of spectral type with increasing 
period among the long-period variables suggests the existence of a 
period-luminosity relation among them; but the observational data 
are not sufficient to test the matter at present. 

The case of the variables of the cluster type is puzzling. Adams 
and Joy have determined the spectral class for thirty stars with peri- 
ods less than a day. All but three of them are of classes between A4 
and F5. The outstanding cases are TX Scorpii, P=0494, Sp. A2n; 
SU Aurigae, 0447, G2; and RT Scuti, of50, Mz. The photometric 

t Mount Wilson Contr., No. 311; Astrophysical Journal, 63, 281, 1926. 
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data for all three stars are very weak, and it is doubtful whether any 
one of them is a normal variable of short period. Miss H. B. Sawyer* 
finds no evidence of variation of TX Scorpii on two hundred photo- 
graphs. Pending further photometric observations, they may be re- 
moved from this list. 

The remaining twenty-seven stars show no correlation between 
spectrum and period. The means for successive groups in order of 
period are 


IOS PRIN Acar a ere Q.52 9.66 9.70 9.78 
SAAS tec temaeee A7 A8 Fo A8 
SLAIS.fo Nene cease ie 4 7 Vk 6 


while the individual spectra are distributed as follows: 


A4 As A6 Az A8 Ao Fo Fi F2 F4 Fs 
I 4 I 7 I a a 2 3 I I 


and give an average deviation from the general mean of +0.26 class, 
very little of which can be accounted for by the errors of observation. 

For variables of the cluster type Shapley? finds a mean visual 
magnitude of —o.34, corresponding to a bolometric magnitude of 
—o.5. On the assumption that the constant g is the same for these 
stars as for the ordinary Cepheids, equation (7) then gives 


lOgtP ee ein 9.80 9.60 9.40 
lOpeIEE avers 3.96 4.03 4.10 
Spectrum. . A4 Ao (B8) 


For the mean value of log P, 9.66, the computed value of log T is 
4.01 and the spectrum Az, while the observed spectrum Ag corre- 
sponds to log T =3.89. Not a single one of the stars is as white as the 
formula indicates, and the difference in period between the first and 
last of the groups given above should correspond to a difference in 
spectrum of fully 0.5 class, while the observed difference is zero. 
It appears, then, that there must be some real difference be- 
tween the dynamical processes which are behind variations of the 
Cepheid type and of the cluster type. (There is, of course, abundant 


? Harvard Bulletin, No. 847, 10, 1927. 
? Mount Wilson Contr., No. 151; Astrophysical Journal, 48, 89, 1918. 
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evidence of important differences in the statistical properties of 
stars of the two groups.) If this difference is thrown on the value of 
qg, it must be assumed that this quantity is, in the mean, 4.6 times 
greater for the Cepheids than for the cluster variables, or that the 
period corresponding to the same density is 2.1 times longer in the 
case of the Cepheids. Such a difference is probably not beyond the 
range of values which might be expected to result from varying 
physical conditions. The observed range in spectrum among (galac- 
tic) cluster variables of the same period would correspond to an 
average deviation from the mean absolute magnitude of +0.5 
mag., which is not large, but much greater than the observed dis- 
persion in globular clusters. The substantial identity of mean spec- 
tral class for a range of period in at least the ratio 2:1 indicates, by 
equation (6), that g must be correlated with the density, and least for 
the stars of shortest period; in other words, that it deviates more 
from the value holding good for the Cepheids, as the star is more 
dense, and indeed that g is proportional to the density. Stars of dif- 
ferent densities would therefore have the same period of oscillation. 

All this seems extraordinary and improbable; but, unless the 
mass-luminosity relation fails in this case, the similarity of absolute 
magnitude among the cluster variables indicates that this type of 
variation is confined to stars of a certain mass, which is still more re- 
markable. It is evident that a great deal is yet to be learned before 
we have any real understanding of the physical causes of variation 
of this sort, or, indeed, of any other real stellar variability. 


It is a great pleasure to acknowledge the writer’s indebtedness to 
his colleagues, Adams and Joy, who generously put all their obser- 
vations at his disposal. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WItson OBSERVATORY 
June 16, 1927 


ADDENDUM.—By some mischance, Shapley’s discussion of the same prob- 
lem (Harvard Circulars 313, 314, 1927) did not come to the writer’s attention 
until the present paper was in type. The two discussions are based on 
independent observational data. They proceed along similar lines, and reach 
entirely accordant conclusions. Each one, however, covers some points not 
included in the other. 
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ON THE RADIAL VELOCITY AND SPECTRUM OF 
THE CEPHEID VARIABLE T MONOCEROTIS 


By ROSCOE F. SANFORD 


ABSTRACT 


Light-Curve-—The discovery and subsequent photometric observation of T Mono- 
cerotis are briefly discussed, and reasons are adduced for accepting the type of regular 
light-variation displayed by Wendell’s curve, which has the maximum 5.61 mag., the 
minimum 6.77 mag., and an interval of seven days from minimum to maximum light. 
The maxima over the interval from 1874 to the present are best represented by 


Max=J.D. 2410012.1956+ 27.003131H+0.000025221 7, G.M.T. 


which is Bemporad’s formula with a somewhat larger value of the coefficient of E?. 

Radial-velocity curves —Fifty values of radial velocity have been used to derive 
the general radial-velocity curve. Three of these were obtained by Frost at the Yerkes 
Observatory in 1905 and the remainder at Mount Wilson between 1917 and 1927 (Table 
II). The foregoing formula was found to be best suited to grouping all the radial veloci- 
ties into a single cycle, and was used to derive the velocity-curve (top of Fig. r). 

Coincidence of maximum light and minimum velocity, and minimum light and 
maximum velocity, are brought out. Two contrasts between light-curve and velocity- 
curve are noted, one being the inflection in the latter about ten days after minimum 
velocity with no counterpart in the best light-curves, and the other, the blunt maximum 
of the velocity-curve as compared with the rather well-rounded minimum for the light- 
curve. 

Maximum velocity, minimum velocity, and the velocity of the center of mass are 
+54, +4, and +32 km/sec., respectively. 

There is evidence for greater amplitude of velocity variation in the lines whose 
chromospheric level in the sun averages 2700 km than in a contrasted group having a 
mean of about 550 km. On the other hand, Hy, chromospheric level 8000 km, has an 
amplitude no greater than that of the low-level lines. 

The velocity-curve for Hy is of special interest, for it seems to indicate a persistence 
of the maximum velocity of approach of its origin considerably beyond that of the other 
lines. 

Spectrum and*spectral changes —The spectral class at median magnitude is about 
cG6, and has the small range cG4 to cGo between maximum and minimum light. 

The lines of hydrogen and those of the ionized atoms of certain elements attain 
their maximum intensity, relative to arc lines, at maximum light; but there is evidence 
that their minima precede minimum light, in some cases as much as ten days. The rela- 
tion of relative intensity to phase for four pairs of lines is shown in Figure 2. Curves of 
photographic density for the spectral region \ 4325 to \ 4352 made with the Hartmann 
microphotometer from five plates for differing phases are given in Figure 3. 

A variation in effective wave-length derived from the continuous spectrum at dif- 
ferent phases agrees qualitatively with the evidence afforded by light-curves for differ- 
ent wave-length in that both show the star to be decidedly bluest at maximum light. 


THE LIGHT-CURVE 


This star, B.D.+7°1273, numbered 44990 in the new Henry 
Draper Catalogue, has the co-ordinates for 1900,a =619"8,6=+7° 8’. 
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In 1872 Gould? announced that it was variable after he and his 
assistants at the Cordoba Observatory had noted that it was then 
about a magnitude fainter than it had been the year previous. A 
few years later Davis, one of these assistants, obtained the period 
27%0054 and an interval between minimum and maximum light 
(M—™m) equal to 8.5 days. His observations showed that the light 
variations are akin to those of 6 Cephei. The star was assigned the 
designation T Monocerotis and is of rather more than ordinary 
interest, because its period is one of the longest of the Cepheid 
variables. 

Subsequent work by various other observers confirmed the 
Cepheid characteristics and agreed in general with Davis’ results, 
although differences in detail exist. Among these may be mentioned 
differences in the values of M—m, an inflection in the light-curve 
about ten days after maximum light, different values for maxima and 
minima at different epochs, and increasing values for the period as later 
measures became available for comparison with the first observations. 

Probably the most reliable light-curves are those from observa- 
tions by E. C. Pickering? and O. C. Wendell, respectively. The 
former made eighty-six observations with a meridian photometer in 
nine out of sixteen consecutive cycles (1896-1808), and the latter 
two hundred observations with polarizing photometers in each one 
of five consecutive cycles (1899-1900). Both light-curves, especially 
that of Wendell, are nearly regular in shape, and together include 
almost continuous observation over an interval of more than three 
years. They are strong evidence against an inflection at ten days 
after maximum light, give good agreement for repeated maxima and 
minima, and establish with considerable certainty the value for 
M—m. In consequence, the mean light-curve defined by Wendell’s 
observations has been adopted here’and appears in Figure 1. His 
maximum is 5.61 mag., minimum 6.77 mag., and the interval M—m 
is seven days. 

The question of the lengthening of the period has been studied 
by Bemporad,* who has collected representative maxima that have 

* American Journal of Science (3), 4, 477, 1872. 

2 Harvard Annals, 46, 122, 135, 145, ISI, 155, 158, 160. 3 Ibid., 69, 42. 

4 Memorie della Societa Astronomica Italiana (Nuova Serie), 1, 229, 1920. 
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been satisfactorily determined in the interval 1874-1920 inclusive. 
To these may now be added a maximum determined by Gallisot,’ 


Km/Sec ° 
+00 


Fic. 1—T Monocerotis. Top, velocity-curve. Middle, Wendell’s light-curve. 
Bottom, velocity-curves from high- and low-level lines and from Hy. 


and another from the radial velocities, by assuming coincidence of 
maximum light and minimum velocity. 


t Bulletin astronomique, mémoires et variétés, 3, 207, 1923. 
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The first and second columns of Table I list the photometric 
observer and the maximum which he determined. The third, fourth, 
and fifth columns show the differences between observed maxima 
and maxima computed from the three formulae given at the foot of 
the table. The period used in formula I was found from the Mount 
Wilson radial velocities alone; formula II is that derived by Bem- 
porad in the paper already cited; and formula III is identical with 
II except for a change in the coefficient of Z’. The first, typical of a 


TABLE I 
T MonocrerotTis—REPRESENTATION OF MAXIMA 


O—C 
Observer of Rais 
I IL iil 
Davis oes 2405550.62 +2426 —od61 —odl74 
Saw yl enc. sis 9040.13 Ovs Oma cto? + .02 
SAwyen: < omate ee 2410012.19 0.00 fore) 00 
een} ee eas 2442.53 —1.20 — .12 — .26 
Pickering? 2. ...25. 4144.25 1.56 + .09 oI 
Wendell wena 5089.60 1.81 .08 o7 
INITIATION Ss oeecrc es 7628.83 2.20 + .00 26 
Bemporad I....... 8412.10 2.42 — .09 asp 
Bemporad IT...... 2422357.00 2.08 +0.03 — 89 
GaUIROU nthe 2737.03 0.25 The + 376 
Sanfordiansmancect 3790.35 —o.58 +1.14 0.00 
Pormiiiiayh (SantOrd eee ieee ae reer Max=J.D. 2410012.19+27.017149F, G.M.T. 
Formula II (Bemporad)............. Max=J.D. 2410012.1956+ 


27.003131EH-+0.000020841 ?, G.M.T. 
Formula III (Bemporad modified).... Max=J.D. 2410012.1956-+ 
27.003131H-+0.000025221H?, G.M.T. 


formula with a constant period, evidently leaves something to be 
desired; II does very well except for the two maxima that I have 
added; and III gives no residual greater than o%9. The last has been 
adopted. Whether this will continue to predict maxima in the future, 
or is merely an approximation to a portion of a periodic change in the 
period, can only be decided after the lapse of a considerable interval. 


THE RADIAL-VELOCITY CURVES 


Forty-seven slit spectrograms of T Monocerotis have been ob- 
tained with the 60-inch and too-inch reflectors during the interval 
1917-1927. Table II gives the data of these observations. The plate 
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Y 6373.. 
6384... 
6434... 
(lpi yer 
6690. . 

12234.. 
I2340.. 
T2350,5 
Cw2502"% 
7 12406.. 
I2416.. 
C 2642.. 
7 12448.. 
ie5otey 
2538S. 
13029.. 
TOG 

CORBTO7 

Co 220r 

“T2208... 

13822.. 
13829.. 
C 3592.. 
7 13958... 
I3980.. 
I4003.. 
I4013.. 
I4051.. 
I4050.. 

CO) pen 

vy 14006.. 

Y 14073.. 

7 14090.. 

vy 14008. . 

C 3999.. 

CeA0087.. 

@ 74063"... 

7 TAOQ7.. . 

14634. . 
14684. . 
14697.. 
rae, 
14792.. 
14822.. 
14854.. 

(Gr Ae30.,, 
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Date 


1917 Nov. 
Dec. 


1918 Feb. 


1923 


1924 Jan. 


Mar. 


Oct. 


1925 Feb. 


Mar. 


Apr. 
Oct. 


Dec. 
1926 Jan. 


Feb. 


Mar. 
Sept. 


Oct. 


Nov. 


1927 Jan. 
Feb. 


Mar. 


Apr. 


Dec. 


TABLE II 


OBSERVATIONS OF T MONOCEROTIS 


G.M.T Phase Vel. 
km/sec. 
aths7m | o4784 | +29.8 
22828 11.803 16.4 
23 40 10.855 53-0 
20 49 19.712 56.8 
17 49 25.562 20.7 
20 18 ear 18.7 
20 30 8.530 25.6 
20 26 11.528 39.8 
20 47 | 15.538 49.7 
21 43 12.553 45.0 
I6 I0 TAA S2e 43.9 
18 51 | 15.433 53-1 
iy) PRs) 21.376 47.6 
L739 19.323 51.4 
16 47 20.290 48.2 
© 42 14.385 44.9 
18 54 23.026 56.3 
I5 10 25.842 822 
I5 OL 26.836 6.3 
15 38 2.811 12.8 
23 30 | 19.950 51.4 
0533 20.994 53-4 
21 29 22.806 54.9 
20 05 PANOHy pa 16.4 
2I 50 1.759 17-3 
18 34 22.623 SZ ao 
20) 25 22.607 34.0 
17.37 | 24.537 16.8 
1507 25.430 3.8 
16 48 26.498 | +10.3 
16 57 0.400 |= 5.7 
15 53 1.449 | +16.3 
I5 32 23-437 44.2 
IS 27 24.434 22 
o 16 10.587 43.8 
orgs II.594 46.4 
O17 20.558 54.2 
20) 23 21.541 ines) 
On 22.565 54.7 
20 15 | 16.359 49.7 
23 52 17.510 54.2 
31 25 0.314 1.9 
18 54 1.210 4.0 
15 46 4.048 fr20 
reese 3.008 6.2 
I5 41 8.983 24.3 
£5 37 9.981 | +26.7 


* Dispersion about one-half that of the other plates. 
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Remarks 


Very good 

Very good 

Poor 

Fair 

Good 

Good 

Good 

Poor 

Good 

Fair 

Poor 

Fair 

Good (over-exposed) 

Poor 

Poor 

Fair 

Good 

Good (over-exposed) 

Good (over-exposed) 

Good 

Fair 

Good (over-exposed) 

Poor 

Good density: poor focus 

Good 

Good (fogged) 

Very good 

Good 

Good 

Good 

Good 

Fair 

Good 

Good (over-exposed) 

Poor 

Poor 

Good 

Good 

Good 

Poor 

Fair 

7-inch camera;* very strong 

7-inch camera;* very strong 

Good 

Very good 

Good 

Good stellar, poor compari- 
son spectrum 
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numbers are in the first column, wherein the prefix C identifies 
spectrograms made with the 1oo-inch reflector and y those taken 
with the 60-inch reflector. All but two noted in the table have an 
approximate dispersion of 36 A per millimeter at Hy. 

Forty-seven lines between \ 4215 and \ 4571, together with the 
lines H6 and H8, have been used for deriving the radial velocities. 
These lines were chosen from those available within the spectral 
region in question so as to be as free as possible from troublesome 
blends, and yet be sufficiently numerous to furnish data regarding 
velocities derived separately from high-level, low-level, enhanced, 
and hydrogen lines. More will be said on this point later. The wave- 
lengths for the lines selected have been determined from measures 
upon eight plates whose velocities, as derived from tables used in 
our general radial-velocity work, are approximately midway between 
the maximum and minimum velocity for this variable. The fifth 
column in Table IT gives the velocities measured with the use of 
these wave-lengths, exclusive of the hydrogen lines. 

In addition to velocities in Table II, Frost* has published the 
three following values: 


Date G.M.T. Phase Vel. 

km/sec 

TOOSUINOV: 2h 2rh30m II.116 -F17 
DA Ae 2I 40 5.107 13 

OCy £5 enn tae 20 30 26.056 +7 


We have, therefore, fifty values of the radial velocity extending 
from 1905 to 1927, from which to derive a radial-velocity curve. 
Efforts to combine the velocities into a single cycle by means of a 
period of constant length produce neither a smooth run of Mount 
Wilson observations nor a satisfactory utilization of the Yerkes 
velocities. Since the modified formula of Bemporad represents the 
observed light maxima so well, it was tried for grouping the radial 
velocities and found to improve the smoothness of the Mount Wilson 
observations and to harmonize the Yerkes values with these. This 
method of assembling the observations was therefore adopted, and 


t Astrophysical Journal, 23, 266, 1906. 
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the phases given for both Mount Wilson and Yerkes plates are so 
derived. The top of Figure 1 shows the individual observations 
plotted as circles (Mount Wilson) and barred circles (Yerkes). The 
freehand curve through them is deemed a fair approximation to the 
actual velocity-curve. Of the two very discrepant values of the 
radial velocity shown at slightly more than eleven days after mini- 
mum velocity, one is the first value given by Frost, which he re- 
marked is the least accurate of his three; the other is derived from 
one of the best Mount Wilson plates, y 6384, and its discordance 
remains unexplained. 

The coincidence of minimum velocity with zero phase is of course 
to be expected, since the modification of Bemporad’s formula was 
largely to satisfy the epoch of observed minimum velocity (assumed 
to represent maximum light). The fact that such a formula brings 
all the radial velocities together into a satisfactory velocity-curve, 
although the first and last observations are separated by almost 
twenty-two years, seems to justify the assumption. 

The radial-velocity curve may be compared with Wendell’s light- 
curve, which is shown below the velocity-curve in Figure 1. The 
accordance of maximum light and minimum velocity has already 
been mentioned. The agreement of minimum light and maximum 
velocity is no less precise. Two differences, however, are to be noted: 
one, the contrast of a smooth progression in light-variation with what 
appears to be a well-marked inflection in the radial-velocity curve 
at about phase ten days; and the other, the well-rounded minimum 
of light as compared with the blunt maximum of the velocity-curve, 
followed as it is by a very rapid fall to minimum velocity. The 
inflection in the velocity-curve resembles that found in the curves 
for such Cepheids as W Sagitarii,, ¢ Geminorum,’ and 7 Aquilae,3 
and hence is not at all an abnormal feature. It also brings to mind 
the inflection found by some observers in the light-curve of T Mono- 
cerotis, although little dependence is to be placed on this because 
the most accurate observations do not show the inflection. 

Around the times of both maximum and minimum velocity, es- 
pecially the latter, the individual values of radial velocity show a 

t Lick Observatory Bulletins, 3, 35, 1904. 

2 Ibid., 12, 148, 1926. 3 Ibid., p. 147, 1926. 
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considerable spread. To seek an explanation of this in the assump- 
tion that the velocity-curve is not always precisely the same seems 
hardly justified, for some of the differences in residuals for plates 
close together in the same cycle are about as large as any to be found 
between spectrograms made in different cycles. Large dispersion in 
radial velocity at maximum light is not, however, peculiar to this 
Cepheid, as may be verified by a glance at the radial-velocity curves 
for X Sagittarii,t Y Sagittarii,? and W Sagittarii,’ for example. 

The usual elements of elliptic motion have not been determined 
because (as evident at a glance) they could give only a crude ap- 
proximation to the observations, and because such an interpretation 
of the curve is open to serious question. Maximum velocity, mini- 
mum velocity, and the center-of-mass velocity are +54, +4, and 
+32 km/sec., respectively, the last being that velocity which divides 
the velocity-curve into equal areas. 

It is interesting to note the phases, indicated below the velocity 
diagram, for which, on the pulsation hypothesis, the star has its mean, 
maximum, and minimum diameters. Minimum diameter corresponds 
approximately to the phase of most rapid change in radial velocity 
on the downward slope, and maximum diameter is closely associated 
with the phase of most rapid change on the upward branch. 

Furthermore, it may be noted incidentally that the curve can be 
resolved into two typical radial-velocity curves, each having a 
period equal to the photometric period. One curve would have a 
semi-amplitude of 20 km/sec. and a so-called periastron point at 
about twenty-four days after maximum light, and the other, a semi- 
amplitude of 8.5 km/sec. and periastron at about ten days after 
maximum light. It is merely pointed out that the curve may be so 
resolved, without inquiring whether such a procedure is legitimate, 
or, if legitimate, what the explanation may be. 

From the foregoing paragraphs it may therefore be stated that 
the relation of the general velocity-curve to the mean light-curve 
for T Monocerotis is quite normal when compared with the results 
for numerous other Cepheid variables, for the most part of shorter 
period. 

Various members of the staff of the Observatory of the Univer- 

t [bid., 5, 113, 1909. 2 Tbid., p. 84, 1908. 3 Tbid., 3, 35, 1904. 
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sity of Michigan have derived velocity-curves for certain Cepheids 
from different groups of lines, on the assumption that such treatment 
might possibly throw some light upon the pulsation theory of 
Cepheid variation. Adequate approach to this problem demands the 
highest practicable dispersion and resolving power, applied to the 
very brightest Cepheids. Nevertheless, it is probable that for some 
time, at least, the Mount Wilson observations here considered will 
be the only source from which to derive even qualitative results for 
T Monocerotis, whose rather long period makes it of considerable 
interest in this as in other respects. Such is the only justification for 
presenting the following discussion, which has been limited to deriv- 
ing velocity-curves from (1) lines of high atmospheric level, (2) lines 
of low atmospheric level, and (3) the y line of hydrogen. 

The lines have been chosen from the list of forty-seven lines ac- 
cording to heights assigned on the basis of Mitchell’s™ levels in the 
sun. The approximate mean level thus found for the first group 
(twenty-one lines) is about 2700 km; for the second group (nine 
lines), 550 km; and for Hy, 8000 km. Hy alone was used since it is 
the only hydrogen line consistently measured at all phases. In order 
to minimize somewhat the accidental differences, the measures are 
grouped into nine normal places. 

The velocity-curves defined by the normal places for each of the 
three classes of lines are shown at the bottom of Figure 1. Both 
high- and low-level curves resemble the general curve at the top of 
Figure 1, even after the drastic smoothing effected by the use of so 
small a number of normal places. The one point of interest seems 
to bea consistently smaller amplitude for the velocities from low-level 
lines as compared with those from high levels. 

The velocity-curve derived from Hy (and this is not essentially 
different when the data for Hé and Hf are considered), although it is 
representative of a still higher level, shows an amplitude at least not 
greater than that given by low-level lines. The three curves do not, 
therefore, show a steady progression in amplitude with increase in 
level. 

By itself, the Hy curve is of interest as pointing toward a lag after 
maximum velocity, as though the portion of the stellar atmosphere 

t Astrophysical Journal, 38, 407, 1913. 
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responsible for the Hy line continued its most rapid approach to a 
much later phase than those portions associated with the other lines. 
About minimum light the deviations from the general curve are 
probably small. Although the two normal places just preceding the 
drop to minimum velocity both include several values which are 
fairly consistent, the reality of the depression which they show in 
the Hy velocity-curve at phase twenty-one days is probably open 
to serious question. 

A proper discussion of the radial-velocity variation shown by the 
enhanced lines undoubtedly requires a more elaborate classification 
than the number of lines here measured will warrant. All that can 
be said is that a group of titanium enhanced lines seems to give a 
velocity-curve differing little from the general curve, except perhaps 
in amplitude, which appears to be intermediate between that of the 
high- and the low-level curves, and probably somewhat nearer the 
value for the latter. 


SPECTRUM AND SPECTRAL CHANGES 


The spectral class of T Monocerotis is cG6 at median magnitude, 
with a variation from cG4 to cGg, according to the classification of 
Adams and his collaborators at Mount Wilson. As in other Cepheids, 
the enhanced lines of such elements as titanium, iron, strontium, 
scandium, etc., and the Balmer lines of hydrogen are conspicuous 
at all phases, but especially near maximum, when they attain maxi- 
mum intensity. 

In an attempt to fix the light-phases for maximum and minimum 
intensity of the absorption lines, measures have been made with the 
Hartmann microphotometer as arranged by Pettit for use with 
thermocouple and galvanometer. These measures have been made 
both visually and photographically by comparing galvanometer de- 
flections for the sensitive lines with the deflections for certain arc 
lines. When these comparisons are plotted, the phase for maximum 
intensity seems to be fixed with considerable certainty at maximum 
light. On the other hand, the phases for which the sensitive enhanced 
and hydrogen lines are weakest, as compared with their arc stand- 
ards, do not appear either to agree with one another or to approxi- 
mate at all closely the phase of minimum light. In general, it may 
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be said that minimum intensity is attained not later than minimum 
light, and in several cases seems to anticipate that phase, sometimes 
by as much as ten days. 


4337/4325 


4340/4325 


14352 /4325 


4395/4404 


A 
Min.jLiqght  MaxjLi 


Fic. 2.—Changes of relative intensity with phase for four pairs of lines in the 
spectrum of T Monocerotis. 


These relations of relative intensity to phase are shown qualita- 
tively by the four curves in Figure 2, derived with the aid of the 
Hartmann microphotometer. The first three curves compare the 
strength of \ 4337 (Ti*), 44340 (Hy), and \ 4352 (Ti*), respective- 
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ly, with that of \ 4325. In the last case \ 4395 (Tz*) has been com- 
pared with \ 4404. Both d 4325 and ) 4404 are strong lines from the 
neutral atom of iron. In the first three cases, the areas of the respec- 
tive intensity-curves in terms of the area for \ 4325, photographical- 
ly registered, have been plotted against phase. For the fourth case 
the visually observed galvanometer deflections of \ 4395, in terms 
of those of \ 4404, have likewise been plotted against phase. The 
points refer to single measures upon individual plates scattered over 
all phases and chosen for the general density best suited to the pur- 
pose. The maximum intensity in all four cases falls close to the phase 
of maximum light, but minimum intensity, for these four cases at 
least, seems to precede minimum light very considerably—by ten 
or eleven days in the case of Hy. Hy then remains practically at 
minimum intensity until minimum light. Apparently, therefore, Hy 
is more or less stable at minimum intensity for one-half the light- 
cycle, and then undergoes a rapid increase to maximum intensity 
at maximum light and a decrease to minimum, all in the other half 
of the light-cycle. For the three enhanced titanium lines a much 
steadier progression takes place, so that a fairly definite minimum 
is marked out seven or eight days before minimum light, after which 
the increase in relative intensity begins again. Other lines which 
were measured show the same trend, but these four have the most 
pronounced and most easily measurable changes with phase, and 
are reproduced for this reason. It should be kept in mind that these 
curves denote changes in relative intensity and are not necessarily 
to be interpreted as measures of the real changes, for they may be 
complicated by changes in the comparison lines. 

Five different intensity-curves covering the spectral region 
d 4325 to A 4352 are illustrated in Figure 3, the last of the six curves 
being the same as the first. These have been traced from photo- 
graphic intensity-curves made with the registering Hartmann micro- 
photometer. A depression indicates an absorption line or a blend, 
and all such features fit for micrometric measurement, and several 
besides are consistently recorded. A number of lines of interest have 
been marked, and it is easy to trace several striking changes of 
relative intensity with phase. The most impressive change is, of 
course, in the Hy line. These five curves, with those similarly ob- 
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tained from fourteen other spectrograms, are the basis of the first 
three curves in Figure 2. 


<— 4325 

<— 4330 

<—Hy 

— 4344 

<— 4352 
. — A4325 

<— 24330 

5 <_— 


d 
d C2592 Phase 15.538 
7140060 Phase 0:496 


ee 


¥ 13365 Phase 228i! ¥ 13257 Phase 237026 


aia a 


da 
¥ 637 Phase 9-784 714066 Phase 07496 


Fic. 3.—Microphotograms of the spectral region \ 4325 to \ 4352, inclusive, for 
different phases of the velocity variation in T Monocerotis. 


Tn addition to the small change in spectral type and the change 
in the relative intensity of enhanced lines to arc lines (the two varia- 
tions already treated), there is a definite change in effective wave- 
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length with phase, so that the star is decidedly bluest at maximum 
light. Gallisott measured this change with a Nordmann photometer, 
using three types of screens effective in giving measures of the star’s 
brightness in each of three more or less isolated spectral regions, 
which are (R) from ) 5900 to the infra-red; (V) from 4900 to 
5900; and (B) from \ 4900 to the ultra-violet. The light-curves 
thus derived gave amplitudes of 0.73, 1.00, and 1.28 mag., respec- 
tively, and hence show a marked difference in color at different 
phases—a well-established result for many Cepheids. 

I have endeavored to estimate the wave-length at the violet end 
to which each spectrogram would be capable of wave-length meas- 
urement if the density at about \ 4600 had been ideal. Although it is 
recognized that many factors besides the effective wave-length of 
the star may modify this, the mean curve giving the relation of this 
wave-length to phase may still be of some value. It indicates that 
from about eight days after maximum to the phase of minimum light 
the star changes little in color, and that the extension to the violet 
limit on the basis outlined above is approximately 4250 A. From 
minimum, or very shortly after, the effective wave-length moves 
toward the violet, becomes somewhat less than Hé6 about maximum 
light, and then turns back to the value 4250 A at some eight days 
after maximum light. This result, crudely derived from the spectro- 
grams, together with the shape of the light-curves which Gallisot 
obtained for different screens, leads to the remark that the star is 
“decidedly bluest at maximum light,” rather than to the statement 
that it is “reddest at minimum light.” The change in effective wave- 
length appears to bear some analogy to the anomalies found in both 
the velocity-curve and the relative intensity for Hy shown in Figures 
1 and 2, respectively. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
July 1927 


t Bulletin astronomique, mémoires et variétés, 3, 207, 1923. 
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RELATED LINES IN THE SPECTRA OF THE ELEMENTS 
OF THE IRON GROUP 


By HENRY NORRIS RUSSELL? 


ABSTRACT 


Homologous lines:—Recent theories of spectral structure suffice to identify those 
groups of homologous lines in the spectra of different elements which arise from similar 
electronic transitions within the atoms. Such groups have quite different spectroscopic 
names and multiplicities, but they show very similar physical and astrophysical 
behavior. 

Tables are given of the homologous terms in the arc spectra from K to Zn and in 
the spark spectra from Ca* to Zn*. The identifications of the lower terms follow Hund; 
those of many of the higher terms are new. The relations of the terms are illustrated 
graphically, thus clearing up certain doubtful questions. 

Tables are also given of the homologous lines which arise from eight different 
electronic transitions in the neutral, and four in the ionized atom. 

The transition from a 4p to a 4s orbit accounts for most of the strongest lines in 
both the arc and spark spectra. These lines shift steadily toward the ultra violet as 
the atomic number increases. 

Transitions from a 5s to a 4p orbit give arc lines in the visible region, some of 
which are strong, while others make it possible to determine the ionization potential. 
Many other sets of homologous lines may be identified when the spectra have been 
more completely analyzed. 

Relations between different spectra.—lf the elements of the iron group are written 
as follows 

K Gomer Sce Leen Veer Mn 
in Gu Nt “Co Fe Mn Gr 


the spectrum of any element contains a large portion which is very similar to a corre- 
sponding portion of the element above or below, and one step to the right, and another 
portion similarly related to a part of that of the element above or below and to the left. 
Each spectrum also contains other portions peculiar to itself. 


I. INTRODUCTION 


It has long been recognized that the spectra of elements belong- 
ing in the same column of the periodic table are so similar that they 
can be correlated almost line by line. For example, the homology 
of Ca 4226, Sr 4607, Ba 5535, or of Cat 3933, 3968, Sr* 4077, 4215, 
Ba* 4554, 4934, is a commonplace. The spectra of elements in the 
same row of the periodic table, however, present no apparent points 
of resemblance, nor did even their successful analysis, after the laws 
of multiplet structure were discovered, bring out much obvious 
similarity. The lowest spectroscopic term, corresponding to the nor- 


t Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 


249] L 


2 HENRY NORRIS RUSSELL 


mal state of the atom, may be of the types S, P, D, or F and belong 
to a system of any multiplicity from singlets to septets. 

Order was recognized in the apparent chaos only when the work 
of several investigators, culminating in that of Hund,’ traced the 
relation of these spectroscopic terms to the electronic configurations 
in the atom which produced them. It then became evident that our 
previous difficulties had arisen because we were seeking for similar 
spectroscopic terms, whereas we should have sought for lines pro- 
duced by similar transitions within the atom. When once this is 
understood, very striking relations appear between spectra and be- 
tween individual groups of lines which have previously seemed to be 
quite unconnected. 

These new relations are especially well illustrated in the spectra 
of the elements in the earlier part of the first long period—from K 
to Zn—which are often called the “iron group.” 


2. SKETCH OF THE THEORY 

In this group the complete inner shells include electron orbits? 
of types Is, 2S, 2p, 38, 3p, and the outer incomplete shell is formed, 
in the normal states of the neutral and ionized atoms, of electrons 
with 4s or 3d orbits—two of the former being first added in K and 
Ca, followed by ten of the latter from Sc to Zn. In the low metastable 
energy states, which are numerous in most of these atoms, only 4s 
and 3d electrons are present outside the completed shells. The cor- 
responding terms are all “even” and do not combine with one an- 
other to give spectral lines; but they combine freely with higher 
“odd” terms arising from configurations including a 4p electron; and 
these again combine with still higher even terms coming from con- 
figurations in which one electron is in a 5s or 4d orbit. Few con- 
figurations involving higher orbits (6s, 5p, sd, af, etc.) are known, 
except in the spectra in which series are prominent. Those including 
an odd number of p and f electrons (taken together) are ‘‘odd.” 

Configurations of this sort may be represented by symbols such 
as (4s)?(3d)5(4p), in which the exponents denote the number of 
electrons of the given type which are present. We may abbreviate 


*For a full account see F. Hund, Linienspektren und periodisches System der 
Elemente (Berlin, 1927). 


* This familiar nomenclature is used for convenience, without thought of opposition 
to the newer wave-mechanics. 
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this for our present purpose into s? d5 p, and denote configurations 
involving a more highly excited electron (where we shall have to 
consider only 5s and 4d) by expressions such as s’d°-s, in full, (4s)?- 
(3d)5(5s). Not more than two s electrons of the same total quantum 
number (e.g., 4s) can be present in any atom, but the number of 
similar d electrons may run up to ten. Six ap electrons might be 
present—and actually are in Kr; but we shall not have to deal with 
more than two of them in the iron group. In a transition accompa- 
nied by the production of a spectral line, one electron must ‘“‘jump”’ 
by one step—from s to p or p to d—and one other may sometimes 
simultaneously jump by two steps—from s to d, in this case. We 
may therefore arrange the configurations with which we have to 
deal in three groups as follows: 


I i III 
diets d®-?sp d#—75.5 Sas 
diss dap ie is (al G9 cal 
d= d=-'f qn-2 pe 


These represent the important configurations for an atom which, in 
its neutral state, has n outer electrons and the atomic number 
n+18. In the present paper “‘n’” will be used in this sense throughout, 
so that the configurations I in the singly ionized atom will be denoted 
by d=-3 Ss d»-? 5; ds-t, 

In general, the first group of configurations will give the even 
terms of lowest energy (since the 4s and 3d electrons are most 
firmly bound); those of the second will give “odd” terms at a middle 
level; and the third, high-lying “even” terms. 

Spectral lines arise only from transitions between odd and even 
terms; for example, d®?-*s—d®-‘ p or d2-?s*—d2-"p. The first of 
these transitions, which demands only the jumping of one electron 
from a p to an s orbit, is likely to give much stronger lines than the 
second, which involves the simultaneous jumping of two electrons, 
one from d to s and the other from p to s. 

If now we vary n—that is, the atomic number—we shall have a 
series of transitions between states in successive elements of the 
periodic table in each of which the electron jump is essentially the 
same; and it is such transitions which produce the really homologous 
lines in the successive spectra. 
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These homologous configurations give rise, however, to apparent- 
ly quite dissimilar spectroscopic terms. In accordance with Pauli’s 
restriction, groups of 3d electrons produce the following terms:* 


dz 1S 

dd 3) 

d2,d8 3F’ 3p’; 1G,D,18 

d3,d7 4F’ 4P’; 2H’ 2G,2F’ 2D,7P’,7D 

di,d6 Dae 3H’ 3G,3F’ 3D 3P’,3F’ 3P’, etc. 
ds ‘ss; 4G,4F’ (D,4P’ 2.0... ee, , etc. 


Many terms of lower multiplicity, which do not now concern us, are 
omitted. The terms given in the first column, which are of the high- 
est multiplicity present, lie lowest, and the F’ term lower than the P’, 
when both are present. In the next group, the G term is usually, 
though not always, the lowest, and the H’, D, and P’ terms (so 
many as are present) are not much higher. 

The addition of other electrons to these configurations converts 
each ‘‘parent term,” such as those tabulated, into a group of terms, 
usually of different multiplicity and name (letter). In general, the 
multiplicity is both increased and diminished by a unit for each 
added electron. Adding an s electron leaves the letters unchanged. 
Adding a p electron converts each parent term into a triad of closely 
related terms. Thus a D term goes into PD’F terms (but an S term 
into a P term only). Adding a d electron produces, in general, 
groups of five terms (pentads). Thus F gives PD’FG’H (but P gives 
PD’F and S, D alone). The terms which originate from the same 
parent term are closely related, and the combinations between them 
account for most of the strong lines of the spectrum. When two or 
more similar electrons are added, Pauli’s restriction operates upon 
them too. Thus the addition of two 4s electrons leaves both the 
multiplicity and the letter unchanged; that of two 4p’s is equivalent 
to combinations with the terms *P’"S'D—the first changes the mul- 
tiplicity by +2, o,—2, and the others by o, while the letters follow 
the previous rules. 


3. PRINCIPAL TERMS IN SPECTRA OF THE IRON GROUP 


With this brief summary of the theory, we proceed to tabulate 
the principal terms in the spectra which we have to consider. A com- 
* Hund, op. cit., p. 119. 
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plete tabulation of the terms which are theoretically to be expected, 
and which have actually been found, in almost perfect agreement 
with theory, in those spectra which have been fully analyzed, would 
occupy far too much space. We may content ourselves, in general, 
with listing those terms which arise from the lowest energy levels 
of the singly and doubly ionized atoms. Experience shows that, at 
least for the elements here considered, the term of lowest energy 
level always comes from the configuration d®~? and is the one which 
is first listed for the corresponding number of electrons in the pre- 
ceding section. How the resulting terms in the arc and spark spectra 
arise from it may be illustrated in the typical case of titanium (n= 4). 

The lowest energy state of 77 m1 is here a 3F’ term coming from 
the d? configuration. The results of adding s electrons are as follows: 


Ti m1 d2 3F’ 
| 
— 
fat d?s 4f’ 2p 
| | 
Ti I d? Giecs sR’ 3p’ 3F IF’ 


d? s? 3’ 


When the successive electrons which are added are unlike (4s and 
5s), the original term splits up into four in 77 1; but when they are 
alike, Pauli’s restriction abolishes the quintet and singlet terms and 
combines the triplet terms into one—which, however, is the leading 
member of both the series of 3F’ terms which may be obtained by 
adding 5s, 6s electrons (such series are actually known in several 
elements). On adding a p electron followed by a 4s electron or an- 
other p, we have 


Ti mw d? 3h’ 
| | | 
Tin @p DEG DIE’ 
| | | 
Tit ps SDFG’ 3DF,G’ 3DF,C’ DFG’ 
| | 
| 
nae sD,F’,G 3D,F’,G :D,F’,G 
P 3P/,D,F’,G,H’, 3F’ 
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The addition of a 4d electron (unlike those already present) gives 
pentads: 


Tim d - f 


| | 
Tin @&-d 4P,.D,F’,G,H’ 2P/.D,F’,G,H’ 


| 
| | | | 
Tit @s-d SP.D,F,GH’ 3P,D,F,G,H’ 3P’,D,F’,G,H’ *P',D,F’,G,H’ 


On adding a 3d electron Pauli’s exclusion operates, and the list of 
terms from the d? configurations must be consulted. The resulting 
terms in 77 1 have no such simple relation to the parent terms of 
Ti m1 as in the previous case; but they show families of their own. 
We give here only the derivatives of the lowest term: 


Tiu ds 4p’ 
| 
| 
Tit d3s SF’ 3’ 
| | 
ap s—D’,F,G’ 3D’, FG’ 
| | 
dod SP Dh Ga JCD) la Glal! 


All the members of most of these groups, and some members, at least, 
of almost all of them, have actually been identified in 77 1 and Ti n, 
along with many others arising from other: parent terms of the d? 
and d3 configurations. When an equally complete analysis has been 
made, the same will probably be true in all the other spectra. 

Still another configuration, d‘ (in general d"), may exist in the 
neutral 77 atom; but this gives high-lying terms of little importance, 
which thus far are known in but a few cases. 

The principal low-level terms in the spectra of the first three 
stages of ionization are related as follows: 


JON 7 ON 


ipo eS ce dB-tg d= 
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The arrows indicate the processes of ionization through which one 
state may be reached from another by removal of an electron. There 
are, therefore, two different ionization potentials for the spark spectra 
and four for the arc (three if the configuration d" be neglected), 
and, of course, many more corresponding to transitions upward from 
other metastable terms, not here considered. In K and Zn the num- 
ber of possible transitions is diminished by the limitation in the 
number of electrons as a complete group. The principal ionization 
potential is usually defined as the energy difference between the 
lowest (normal) states of the neutral and the ionized atom (and so 
on for higher ionizations). It should be especially remarked, how- 
ever, that this quantity does not always correspond to the simple 
removal of one electron. Among the elements considered the normal 
state of the neutral atom belongs to d®~’s’, except for K, Cr, and 
Cu; in the ionized atom the state of lowest energy is d®~? s for Ca, Sc, 
Ti, Mn, and Fe, and d*~* for the rest. In V and Co, therefore, the 
transition from one normal state to the other is from d®~? s? to d=—* 
and involves the removal of one electron and the shift of another. 


4. TABLES OF THESE TERMS 


The observed values of these principal terms in the arc and spark 
spectra of the elements from K to Zn are given in Tables I and II. 
The data have been collected from various sources,’ and a few have 
been added by the writer, whose best thanks are due to his colleagues 
for generous permission to use valuable unpublished material. The 
values are counted upward from the lowest term of origin d®~? s? in 
the arc (except for K, where there is no such term) or d®~’s in the 
spark. This unusual method has been adopted to make the regu- 

t For papers up to 1926 see Hund, of. cit., pp. 212-217; Sc, Sct, H. N. Russell and 
W. F. Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 558). 1927; 
Ti, Tit, H. N. Russell, Mt. Wilson Contr., Nos. 344, 345; Astrophysical Journal, 66, 
1927; V, V+, W. F. Meggers, Zeitschrift fiir Physik, 39, 114, 1926, and unpublished 
material; Cr, Cr+, C. C. Kiess (unpublished); Mn, T. Dunham (unpublished); Fe, O. 
Laporte, Proceedings of the National Academy of Sciences, 12, 496, 1926; Fet, H. N. 
Russell, Mt. Wilson Contr., No. 318; Astrophysical Journal, 64, 194, 1926; Cot, W. F. 
Meggers (unpublished); Nit, A. G. Shenstone, Physical Review, 30, 255, 1927; Cu, Cut, 
A, G. Shenstone, Physical Review, 28, 449, 1926, and 29, 380, 1927, and unpublished 
data. 
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TABLE I 
OBSERVED TERMS AND OrrGINS, ARC SPECTRA 


Configuration N=" n=2, Ca n=3, S¢ n=4, Tt 

iin Staite oor | ates | reeras oe x5 yf) || AD) 168.3 | 3F’ 386.9 
3p’ 8602.4 
(WB oboaces| aos o¢|>nnco cece 3P | 1536.1 | 4P_ | 18571.4 | SD’ | 18695. 2 
4D’ | 16210.8 | SF | 17215.4 
4F | 16026.5 | 5G’ | 16458.7 

2p 18855.8 | 3D’ | 20126 

21)’ | 16022.7 | 3F 19574 

8 


ap 21085. 


od Be 23652.4 | 2P 24656.8 | 3D’ | 25643. 
22)’ | 25014.2 | 3F 25388. 
af | 25724.7 | 8G’ | 30030. 
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OBSERVED TERMS AND ORIGINS, SPARK SPECTRA 
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larities in arrangement of the various terms more apparent. Only 
the component of greatest inner-quantum number is tabulated. 
When the terms are “regular,”’ this lies higher than the zero level, 
which corresponds to the smallest inner-quantum number. In a few 
of the spark spectra the lowest term has not yet been observed, but 
its position may be approximately found by means of series in the 
arc spectrum of the same element. These values are given in paren- 
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theses and in round numbers. Only the terms arising from those of 
highest multiplicity in the d"-? or d"~* configurations are tabulated, 
and the derivative terms arising from the P’ terms which accompany 
the F’ terms are omitted, because, where known, they give weaker 
lines. Even so, there are many blanks in the table, where terms re- 
main to be found, and no attempt has been made to leave space for 
all the possible terms coming from d"~? s-d or d®~? p’. 

The assignment of the low terms to the various configurations 
follows Hund. That of the higher terms, in the cases of Sc, Ti, Fe, 
Ni, and Cu, is taken from the sources already listed. The remaining 
spectra have been reviewed by the writer for the present purpose. 

There is no room for full details here; but it may be said that the 
principles that the strongest combinations occur between related 
terms having the same parent term in the next higher spectrum, and 
that the terms of a triad or pentad usually lie at nearly the same 
level, generally suffice to identify the principal terms with reasonable 
security. Series relations identify most of the high even terms with 
certainty. A few terms for which the assignment to the given con- 
figuration is doubtful are marked with colons in the table. 


5. REMARKS ON SPECTRAL STRUCTURE 


Many striking regularities are shown in this table. The orderly 
change in the multiplicities and types of the terms is a direct conse- 
quence of Hund’s theory, as is also the fact that, among the terms 
of similar origin, those of the higher multiplicity are almost always 
at the lower level. 

The levels corresponding to excited configurations of the atom 
d*~? sp, d"~? s-s, d"~? s-d, rise steadily, compared with d®~? s?, as the 
atomic numberincreases; and the same is true of d"—? p,d®-*+s,d8--d 
relative to d"~* s. These relations are illustrated in Figures 1 and 2, 
in which, to avoid confusion, each triad or pentad is represented by 
a single point at the mean level of the known terms belonging to it. 

The lines connect the points representing those terms which are 
related, not merely as regards the electron configurations, but also 
with respect to the multiplicity, and are found in the same column in 
Tables I and II. Some of these series of terms are longer than others, 
for the lower multiplicities do not always appear. Gaps where no ob- 
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servational data are at present available are bridged by dotted lines. 
Exactly the same relations (Fig. 3) hold good among the spark spectra. 

The general upward trend of these lines is simply explained 
on the orbital theory of the atom. On passing up a series of 
homologous configurations, successive 3d electrons are built into 
the atoms, leaving the other orbits unaltered. In the group of 


KES Cae SG 1% V Cr Mn Fe Co Nt Cu Zn 


Fic. 1.—Energy levels relative to d"~ 7s” 


configurations represented in Figure 2, for example, the only dif- 
ference between the normal and excited states is that a single 
electron is shifted from a 4s to a 4p, 5s, or 5d orbit, and the dif- 
ference of the spectroscopic terms represents the difference of the 
energy of binding of the electron to the atom in these orbits. 
For successive elements the nuclear charge increases. At a distance 
this increase is effectively neutralized by the influence of the addi- 
tional 3d electrons; but for electrons such as are named above, all 
of which have orbits which at pericenter penetrate inside the 3d 
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orbits, the “screening” of the additional central charge by the 3d 
electrons is incomplete. Every addition of such an electron, there- 
fore, increases the average force with which the electron now special- 
ly considered is bound to the atom, and the energy of binding, 
which is directly shown by the increase in the ionization potential 
(discussed in a following paper). This increase of binding energy is 
greater for the 4s electron than for the others; hence the difference 
of the spectroscopic terms increases with the atomic number. 
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Fic. 2.—Energy levels relative to d"~*s. The first point of the top curve should 
have been plotted with the ordinate 28. 


This explanation, though conventional, is of course greatly over- 
simplified. What is really observed in the spectroscopic terms is the 
relative energy possessed by the atom as a whole, and not by any 
single electron in it, so that the “screening” should really take ac- 
count of the combined influence of all the orbits. This is illustrated 
by the course of the differences between d"™-?s? and d®~‘s, or be- 
tween d®~? s and d"~* in the spark spectrum. Here the 3d electron 
appears to be bound with much more rapidly increasing energy than 
the 4s, until the shell of electrons is half-full in Cr, after which an 
abrupt change occurs in both the arc and spark spectra, and the 
energy differences nearly repeat themselves. Very similar relations 
appear in the second long period.* The break is associated with 

t Mt. Wilson Contr., No. 342; Astrophysical Journal, 66, 1927. 


2O. Laporte, Journal of the Optical Society of America, 13, 1, 1926. A similar dis- 
continuity has been noticed for the shell of p electrons by McLennan and McLay, 
Philosophical Magazine, 4, 407, 1927. 
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the change from increasing to decreasing multiplicity, and the 
appearance of inverted terms. It is easily explained by the re- 
versal of the direction of spin of the added electron, which is 
demanded by Pauli’s exclusion principle when a shell is more than 
half completed. 


Za) 
a 
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Fic. 3.—Energy levels relative to d"~ ’s 


Figures 1 and 2 bring out clearly many points of the spectral 
structure, some of which were previously puzzling. For example, the 
configuration d*-?sp gives rise in the arc spectra from Sc to Cu 
to two triads of the same multiplicity—doublets in Sc, triplets in 
Ti, and soon. In the spark spectra of the same elements, d®~? s gives 
rise to terms of the same name but different multiplicity, e.g., 3D 
and ‘D in Sc um. It is evident that one of the arc triads, if the 


265 


18 HENRY NORRIS RUSSELL 


p electron were removed, step by step, would give rise to a series 
having as its limit the spark term of higher multiplicity, and the 
other to a series with the limit of lower multiplicity; but it is hardly 
practicable from inspection of a single spectrum to tell which belongs 
to which limit. Figure 1 solves the problem, making it quite clear 
that the higher-lying of the two triads belongs to the sequence 
which begins with the *P term in Ca and ends with the similar term 
in Zn, while the lower-lying sequence has no correlatives in these 
spectra. In the spark spectra the d"-* s terms of higher multiplicity 
form a sequence beginning with ?S in Ca, 3D in Sc, and ending with 
*S in Zn, while those of lower multiplicity begin with *D in Sc and 
end with the similar term in Cu. It is now evident that the higher 
set of triads must have the term of higher multiplicity as limit, 
which agrees with the fact that they give the stronger combinations. 
There are two other sequences of triads of origin d"~?sp and of 
multiplicity higher and lower than those just considered, for exam- 
ple, quintets and singlets in Tz (the two being triplets). There can 
be no question about assigning these to the limits of high and low 
multiplicity, respectively, and it is now noteworthy that the terms 
of greater multiplicity always lie lower than those of smaller multi- 
plicity arising from the same limit. This difference of level is much 
greater in the case of the terms with the limit of high multiplicity. 
Why this should be so is an excellent problem for the theorists. 


6. TABLES OF HOMOLOGOUS LINES 


The principal lines which result from combinations of the terms 
given in Tables I and IJ are listed in Tables III and IV. Each of the 
wide columns of the table gives data for a series of homologous lines, 
for which the electron jump is the same and the multiplicities are 
related as described above. Only the leading lines of the multiplets 
are given. The remainder may be found in most cases in the writer’s 
“List of Ultimate and Penultimate Lines.” The letter 7 denotes that 
the predicted multiplet is in the infra-red. The intensities and tem- 
perature classes are taken from King’s lists when available. Values 
derived from other sources are given in parentheses. The scale of 

* Russell and Meggers, Scientific Papers of the Bureau of Standards, No. 558. 

? Mt. Wilson Contr., No. 286; Astrophysical Journal, 61, 223-283, 1925. 
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intensities is not homogeneous throughout, nor even always for a 
single element. In certain cases, as in the combinations of a triad 
and a pentad of terms or in groups of intercombinations, only a few 
of the strongest multiplets are selected. It should be recalled once 
more that the list is very far from exhaustive, for only those terms 
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which are derived from the lowest of the numerous metastable terms 
in the d*~* or d"~? configurations of the singly or doubly ionized 
atom have been considered at all. A comparison of the lines resulting 
from other terms will be practicable in detail only when some of the 
spectra have been more completely analyzed. Even in the limited 
part of the spectrum here considered many gaps remain to be filled, 
and other sets of related lines are not tabulated because our present 
knowledge of them is fragmentary. 

Many relations between the different spectra are now conspicu- 
ous. The most general is the tendency of the stronger lines to draw 
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away into the ultra violet as the atomic number increases. These lines 
arise from transitions from the lower configurations including only 
3d and 4s electrons to the middle configurations including a 4p 
electron, and the shift of the lines toward greater wave-numbers is 
the physical reality corresponding to the upward trend of the lines 
representing the middle configurations in Figures 1-3. It is therefore 
a direct result of the steady increase in the ionization potentials, and, 
by itself, provides sufficient qualitative evidence for such an increase 
—which may perhaps prove of value in the case of the rare earths. 
For the electron jump from 4p to 5s, the additional energy of binding 
in the neutral atoms is nearly the same for the two states, and the 
corresponding arc lines remain in the same region of the spectrum. 
Some of these transitions, for example that from the upper d®~’ s p 
triad to the d®-*s-s terms of the same multiplicity, give lines which 
lie in the infra red, and are therefore known only for the few ele- 
ments which have been investigated in this region. 

For certain elements in the latter part of the first long period, 
notably for As, the two groups of lines corresponding to those just 
discussed have withdrawn completely into the ultra violet and the 
infra red, and the visible spectrum is completely empty. 

The transition 4p — 4d gives terms which work slowly toward the 
violet, while that from (4s)(4p) to (4p)? gives, as might be ex- 
pected, a very rapid shift to the shorter wave-lengths. 

The transition d"~'s—d*"~’*sp, in which the electron jump is 
from 4p to 3d, gives lines shifting very rapidly to the violet, jumping 
back between Cr and Mn, and then going to the violet again, while 
for d®~? s*—d®~*p, which involves a double electron jump, the shift 
is toward the red, broken by a similar discontinuity. These are ob- 
vious consequences of the peculiar behavior of the relative levels 
discussed in the last section. 

The individual sequences are noteworthy. Those which corre- 
spond to a transition 4s—4p (d®~*s’—d*~*sp or d®-*s—d"~' p) 
include almost all the strongest lines in all the spectra. 

The strongest multiplets in the sequence d®~? s?—d®~*s p have 
been tabulated by Gibbs and White,’ who have pointed out the re- 


t Physical Review, 29, 661, 1927. 
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markably simple relations that exist between similar groups in 
spectra of several successive degrees of ionization. 

In the first case, the transitions to the upper triad, which has the 
limits of higher multiplicity, give stronger lines than those to the 
lower triad, as far as Mn. Beyond this the lines of the first sequence 
get so far into the ultra violet that they are at an observational dis- 
advantage. It would be of much interest to investigate, preferably 
by absorption observations, whether they actually continue to be 
the stronger. The transition d"~* s—d®~* p gives stronger lines than 
that to the lower triad, except in Mn where the lower level involved 
lies unusually high. 

The 3d—4p jump (d"~* s—d®~* s p) gives fainter lines than those 
previously mentioned. The double electron jump (d®~? s?—d"~* p) 
produces surprisingly strong lines. In both these cases the low term 
and the triad with which it combines are often out of step, so to speak, 
and one or more of the transitions involves a change of more than one 
unit in the apparent azimuthal quantum number L (which is o for 
an S term, 1 for a P, andsoon). Many of the transitions for which 
AL =2 give observable lines, some of them of considerable strength. 

The intersystem combinations between terms of the same origin 
but different multiplicity are of considerable interest. In these lists 
the multiplets containing the strongest lines have been tabulated. 
The general increase in the intensity of the intercombinations with 
increasing atomic number is obvious, and, as is well known, may be 
attributed to the same cause as the increase in multiplet separations. 
The sequence d"~? s*—d"~’ s p, beginning with Ca \ 6572, contains a 
remarkable number of the lines which are greatly strengthened in 
sun-spots. In the sequence d"~*s—d*®""*p the intercombinations 
are remarkably strong, culminating in the great iron line ) 4383. 

The raies ultimes and resonance lines of these elements, as given 
by Laporte and Meggers,* are shown in Table V. 

For the spark spectra the raies ultimes and resonance lines are 
identical, and arise in all instances from the transition d"~*:s—d®~?-p. 
In the arc spectra the resonance lines are intersystem combinations 
of origin d®~?s*—d""*sp, and are of considerably longer wave- 


t Journal of the Optical Sociely of America, 11, 461, 1925, with unpublished cor- 
rections by Meggers. The resonance lines for Co and Ni are added from later work. 
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length than the rates ultimes, except for K and C7, where they are 
identical with the latter and come from d®-*s—d*""p. The razes 
ultimes come from d®~? s?—d*~* s p in most of the other spectra. The 
fact that they shift from the upper to the lower triad with increasing 
atomic number may be largely or entirely due to observational 
preference for lines in the near, rather than the far, ultra violet. The 
persistence of the *F’—4G’ group as well as the 7D —?F in Sc is an 


TABLE V 
Rares ULTIMES RESONANCE LINES 
ELEMENT Arc Spark Arc 
nN Origin r Origin r Origin 

Reena 7664 7 mee |e SA iit toro 7064 2 
COs o tat 4226 1a 3033 4 6572 IC 
SUN eee ane 3011 1d 3613 4 6413 IC 
Lee OP 3653 3 3349 4 6295 1¢ 
ES eg rere 3185 1a 3093 4 5632 IC 
Crd Re ee 4254 2 2835 4 4254 2 
1A esha neers 4030 1b 2570 4 5394 IC 
TEE pees whe acter 3710 1D 2382 4 5166 IC 
Conn ane ees 3453 2 2388 4 4134 16 
1 scien OO nar 3414 2 2410 4 3624 Ic 


Under “Origin” 1a denotes d"—?s?—d"—?s p (high triad) 
tb denotes d®—? s?—d"—?s p (low triad) 
1c denotes d"—?s?—d®~—?s p (intersystem) 
eedenotes G2 er gt ty 
3 denotes d®=4s7—d"—*p 
Awdenotes G2 —25)-— d= 2p 


is) 


example of the advantage of high L values discussed by Meggers. 
The most remarkable case is 77, in which the rate ultime involves a 
double electron jump. There is here no doubt about the correctness of 
the assignment of the electron configuration, for the intensities of the 
combinations are decisive. It is possible, however, that the 3F’ —3G’ 
line at \ 3371.4 may be actually as sensitive. The matter deserves 
further study. 

The transition d"~?sp—d"~*s-s (4p-ss) gives in the higher 
multiplicity a series of noteworthy lines, including some of the 
most conspicuous in the visible spectrum. They are usually high- 
temperature lines of class III, as might be expected from their 


. 
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relatively high level of origin. The same transition, in the lower 
multiplicity, produces fainter lines, by no means conspicuous among 
the others, but important as being those which are primarily con- 
cerned in the determination of the ionization potential. The similar 
transition d"~* p—d*~*-s gives lines in the deep red or infra red, 
which are also of importance in finding the ionization potential. The 
4p —4d jump (d"~? s p—d"~* s-d) gives strong multiplets, which are 
doubtless present in the spectra in which they have not yet been de- 
tected. Numerous iron lines, some of them of intensity as high as 25, 
occur in the region from A 3300 to A 3800, which arise from combina- 
tions between the 7P’D”’F triad and a set of levels, not yet assorted 
into terms, which evidently belong to the pentad which is to be an- 
ticipated. The transition d"~*sp—d*~? p’, which gives the well- 
known triplet PP’ group in calcium near \ 4300, is also presumably 
represented in all the spectra by lines identifiable upon close analysis. 

In the spark spectra, the lines shift toward the violet in all 
the sequences. For Mn and the following elements the strongest 
lines, belonging to the sequence d®~?s—d"®~’p, pass into the 
region inaccessible to the astrophysicist, though all can readily be 
reached in the laboratory. The sequence d"~*—d®"~’ p has a discon- 
tinuity in Mn similar to those already described. The high-excita- 
tion lines d*=~?p—d*~?-s and d2~? p—d®"?-d are, in the spark 
spectra, of nearly the same wave-lengths as the easily excited lines 
d=~? s—d"~? p. Practically all the enhanced lines of these elements 
(except Ca and Sc) which are ordinarily observed in the stars arise 
from transitions between terms not given in Tables II and IV. 
These terms arise from the same configurations—d*~’ s and d®~*, 
but are metastable and lie at higher levels than those listed, so that 
the energy differences between them and the lower terms of origin 
d"~* p are small enough to put the lines in the observable region. 
Toward the end of the sequence, beyond Fe, even these lines shift, 
for the most part, out of reach, and the spark spectra are of little 
astrophysical importance. 


7. THE MUTUAL RELATIONS OF THE DIFFERENT SPECTRA 


In conclusion, reference may be made to a curious dual resem- 
blance between parts of any given arc spectrum in the iron group 
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and parts of two others. For example, it has long been familiar that 
a set of doublet series occurs in copper, very similar to those in 
potassium, and that series of singlets and triplets appear in zinc, 
closely resembling similar series in calcium. But in neither case does 
the likeness extend to the whole spectrum. Copper, for example, pos- 
sesses another extensive system of doublets, with lowest term 7D, 
and quartets, with the lowest terms ‘P, ‘4D’, ‘F. There is nothing at 
all like these in the potassium spectrum, but they may be very 
closely matched in that of scandium. Similarly, the calcium spec- 
trum contains low 3D and 'D terms not found in zinc, and these 
combine with higher triads of PD’F terms, giving the system of 
“displaced” series, with the 7D term of Ca 1 for limit. These terms 
can be matched with similar terms in nickel. 

The reason for this is at once apparent on consulting the tables. 
The configurations d* and d*’~* give exactly the same spectral terms 
—the main difference being that when the exponent is greater than 
5 the terms are inverted and have much wider separations. It fol- 
lows that in any spectrum the configuration d"™~? s?, d"~’s p, etc., 
may be closely matched by configurations d’~? s?, etc., in another 
spectrum, if n—2+n’—2=10 or n’=14—n. Similarly the configu- 
rations d"-"s, etc., may be matched if n’=12—n. This relation 
may be illustrated by writing the symbols for the elements as follows: 


K Ca Sc Ti V Cr Mn 
Zn Cu Ni Co Fe Mn Cr 


The spectrum of any element in either row is related in structure 
to those of the elements in the other row and one step to the right 
or the left. A large portion of any one spectrum may be matched, 
line for line, with a similar portion of one of the related spectra, and 
another portion with a portion of the other. This correspondence 
extends beyond the terms and lines which have been listed in the 
tables to all the others which arise from the electronic configurations 
under consideration. Since, however, the terms are “regular” and 
of small separations for the first row, and inverted and of wide sepa- 
ration in the second, the spectra, even if reduced to the portions of 
essentially similar structure, would be somewhat dissimilar in ap- 
pearance. At the end of the list, however, Cu and Zn show a “regu- 
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lar” multiplet separation, and the likeness to K and Ca is very 


conspicuous. 

Two portions of spectra, consisting of septets, quintets, etc., in 
Cr, and octets, sextets, etc., in Wn, and including the strongest lines 
of each spectrum, correspond to themselves in the scheme and are 
unique. In these, too, series are conspicuous, as they are in K, Ca, 
Cu, and Zn. The reason for this is simple. These portions of the 
respective spectra, and these only, have for limits S terms of the 
spark spectrum. Under these conditions the triads and pentads of 
the excited states are reduced to isolated P and D terms, and the 
energy which would otherwise go into many multiplets is concen- 
trated into one. Moreover, the various components of the terms go 
to a single limit, and the higher series members have narrow separa- 
tions, which again makes the multiplets more conspicuous. 

Series have been recognized, however, in all the other spectra, 
and, except in V, in both the principal parts of the spectrum. 

Most of the spectra have many lines which do not belong to 
either of the portions already discussed—for example, those corre- 
sponding to the transitions d"~?s*—d®"*p and d®~*s—d®"~’sp. 
These are the groups for which the progression in wave-length is 
broken by a discontinuity. They have no analogues in the spectra 
of any other element in the group, so that each spectrum, taken as 
a whole, has a definite individuality. 

Among the spark spectra, the relations are somewhat simpler. 
The transitions d"~* s—d*~? p,etc., which give the strongest lines, pro- 
duce portions of the spectrum which may be simply matched in pairs: 

Cat Set Tat VF Crt Mat 

Znt+ Cut Nit Cot Fet+t Mnt 
each spectrum resembling that which is tabulated below or above it. 
The other portions of the spectra arising from the transitions d"~*— 
d"~? p have no analogues. 

The question of series and ionization potentials in these spectra, 
which is naturally associated with the matters here discussed, is taken 
up in the following paper.* 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILson OBSERVATORY 
June 15, 1927 
t Mt. Wilson Conir., No. 342; Astrophysical Journal, 66, 233, 1927. 


281 


Contributions from the Mount Wilson Observatory, No. 342 
Reprinted from the Astrophysical Journal, Vol. LXVI, pp. 233-255, 1027 
Printed in the U.S.A. 


SERIES AND IONIZATION POTENTIALS 
OF THE ELEMENTS OF THE 
IRON GROUP 


By HENRY NORRIS RUSSELL'* 


ABSTRACT 


Identification of series and calculation of ionization potentials —The recognition of 
the electronic configurations corresponding to the terms of complex spectra has made it 
possible to identify series (usually of two members only) in all the arc spectra from K 
to Zn and in the majority of the spark spectra from Cat to Zn+. A Rydberg formula, 
applied to the first two terms, gives approximate series limits. These have been cor- 
rected by an empirical formula, which, in the fifteen cases where the test can be made, 
gives results differing from those of the more exact Ritz formula by an average of +0.5 
per cent. Values of the first ionization potential for all these elements, and of the second 
for all but V, Cr, Fe, and Co, have thus been obtained. Approximate values for the 
latter have been derived with the aid of Moseley’s law. 

For most of these elements, there are fowr important modes of ionization of the 
neutral atom, and three for the second ionization, corresponding to changes between 
various metastable states (and still others are possible). Tables of the values of these 
important ionization potentials are given. 

The principal ionization potentials which measure the energy required for the change 
from the lowest energy state of the atom in one degree of ionization to the lowest energy 
state in the next are K, 4.32 volts; Ca, 6.09; Sc, 6.57; Ti, 6.80; V, 6.76; Cr, 6.74; Mn, 
7.40; Fe, 7.83; Co, 7.81; Ni, 7.64; Cu, 7.69; Zn, 9.36; and for the second ionization, 
Cat, 11.82; Sct, 12.80; Tit, 13.60; Vt, (14.7); Crt, (16.6); Mn™, 15.70; Fe, (16.5); 
Cot, (17.2); Nit, 18.2; Cut, 20.34; Zn*, 17.89. 

These values should be accurate to 0.1 volt or better, except those in parentheses, 
which have been derived by Moseley’s law, and may be in error by as much as 0.3 volt. 

New terms in certain spectra.—New high terms, arising from configurations involv- 
ing a ss electron, have been identified in the spectra of V, Mn, Co, and Mn+. Tables 
of these terms and of the multiplets involving them are given. The ionization potentials 


of V and Mn* have thus been determined for the first time. 


I. INTRODUCTION 


As appears from the data collected in the preceding communica- 
tion,? series have now been detected in the arc spectra of all the 
elements of the iron group, and in the spark spectra of the majority. 
Most of the series consist of only two members, but even so they 


t Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. : 
2 Mt. Wilson Contr., No. 341; Astrophysical Journal, 66, 184, 1927. 
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should suffice to give fairly good values of the ionization potential. 
As a number of these series have been detected in the examination 
of the spectra made for the purpose of the preceding paper, it may 
be appropriate to give details concerning them and to collect the 
resulting values for the ionization potentials. 

Most of the atoms of this group can exist in many metastable 
states, and there are usually a great many ionization potentials, 
corresponding to transitions from each metastable state of the 
neutral atom, for example, to those states of the ionized atoms 
which would be obtained by removing one electron. We shall con- 
sider here, however, only those which involve the normal state of 
the atom or ion, or the lowest metastable states. These may be 
represented schematically as follows: 


lil d2—2 
E Sri t | 
II (a) d2-2s (b) es 
eS 
| | 
I da—? g? (a) d2-*s (b) 


For an atom with n electrons outside the ‘‘argon-shell” and atomic 
number n-+-18, the normal state, when doubly ionized, corresponds 
to the configuration d®~’, in which all the electrons are in 3d orbits. 
Only the lowest of the numerous terms arising from this configura- 
tion concerns us here. By the addition of a 4s electron we obtain the 
configuration d*~*s in the singly ionized atom, from which the lowest 
terms are two of the same name as the “‘parent-terms,”’ but of multi- 
plicities greater and less by a unit, here denoted by (a) and (b). On 
account of Pauli’s restriction, addition of a second 4s electron gives 
rise to but a single low term for the configuration d"~? s*. Addition of 
a 3d electron to the original configuration gives d"~*, for which the 
lowest term is usually of a different name, and is of multiplicity 
higher by a unit, unless n exceeds 6, when it is lower by a unit. 
Adding a 4s electron to this gives two terms of the same name, d®~* 5 
(a) and (b). Details of the resulting states for all the elements of 
the iron group with term values are given in Tables I and II of 
the preceding paper. 
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As an example, we may indicate the terms in Mu: 


Mn 1 6S (ds) 
| | 
Mnu 7S (dSs) 3S sD (d°) 
LEA ee 
| | | 
Mnt 6S (ds s?) ) (d°s)-"4D 


There are usually four principal processes of ionization for the 
neutral atom, represented by the vertical lines in the diagram. (Two 
others which take the d™~'s terms into d"~*s by removal of a d 
electron need not be considered here). In each of the four processes 
the 4s electron is removed by stages, 5s, 6s, and gives rise to a series 
of terms with one of the principal spark terms as limit, and one of 
the principal arc terms as a first member. The second members of 
some of these series are known in all the spectra, and all four of them 
have been identified in Mn (see below) and in Fe, where they were 
detected by Laporte’—the first instance of the kind. 

For the singly ionized atom there are three principal types of 
ionization: two involving the removal of an s electron from d®~’s, 
and the other, a d electron from d"~'. Second members of some of 
these series are known in all the spark spectra except those of V, Cr, 
Fe, and Co, and those of all three series in Sc 1 and 77. The series 
involving changes in a d electron, is, however, not Ritzian, so that cal- 
culations of the ionization potential must depend on the other two. 

For atoms near the beginning and end of the group the number of 
possible states and series is smaller, as is shown in detail in the 
table already mentioned. 


2. NEW TERMS IN V, Mn, Co, Mn* 


For most of the data on which the series here discussed are based, 
reference may be made to the sources mentioned in the preceding 
paper. Certain terms, however, which were found by the writer in 
the course of preparation of the tables, may be given here, with the 
resulting multiplets. The notation needs no comment, except to 
say that the term values are always measured from the lowest level 
in the spectrum. The suggested new term in Ca is a mere fragment, 
and the only reason for believing in its reality is that it falls in just 

t Proceedings of the National Academy of Sciences, 12, 496, 1926. 
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TABLE I 


New MottTrIetets IN Arc SPECTRA 


a 
———————————————————————————— ————— ————lforrcoOnS—\—<“ 


Cat 


xsD; 
46704.0 


9250.8 (2) 
atF,....| 35897.2 10807 .3 
(06.8) 
; 1840.0 (5) 
asD3....| 38250-5 8443.6 


(44.5) 
a a Ye a ee Ni ee re 
Vi 
SS a ee ea 
bIFS biF4 biFY biF2 
39596 .04 39391 .75 30241 .25 39126 .92 
‘ pepRacAa(eTNE | ciate mceoaaiel teas cmren 
atG6....]| 22313.92 {77285 Cai Va lhe comet ainh Reet Lasteraitautars a 
(Rc) in REMOGR contes ater Mornrincen Onna) MA Sia cetMrmi cacy 14 
; 5788 .58(3 III) 
BM scsi) 228200 leo a nent coecsadeave 17270.62 
(0.66) 
5786.21(7 IIT) 
SAS N TOOD ta Nace en sath ohne cela wore heater 17277.60 
(7.85) 
! 5783 .59(2 IIT) 
OMG eds! -BISAT = 40 Me ccacmwowtrs nancdenleleaeemea ccorrese te laoan maanaiecsbagia s 17285 .52 
(5.52) 
; 5385 .13(3 Ill 
béD4...-| 21032.44 |418564.50 
(4.50) 
PAD bree | 40898240 Ne vena eenlc eases 
, 5388 .30(1 III) 
TAD | AOS TS OS Pars | aipuiarspiabinints. pivain lpte aie nines niovareare ia 18553 .58 
(3.45) 


‘ 5397 .93(1 IV) 
PE Sacer PRZOOOO SAD Ul rirce wrearataaravsiphelecpie’» | weatasmeinre ne te een ni sue sunt ounietsneleua eR CKereT: 18520.4 


(0.46) 


6218.31(3 IV) 


6298 .68(tr IV A) 
béFs....] 23519.84 |{16077.10 15871.96 sige 
(7.10) (E305) ~~) Shotts ciepcrarsiecacca eis ne daaeia paweadidae eset 
6233.20 (121 A)*]..... 
DAR oP S335S500, losn anc oae es aoe oars 16038 .95 ae 
(B69): = Ntsisveupie shacease eopiae oN alesaneiats sie-cfotea pie ural 
6236.28(1 IV) 
DAR si. A SS2TO-GS a oes Satie sine be cinta Lan erapereech emer. 16030.75 
(0.73) 


bAF3....| 23088 .04 


6233 .20(12 I A)* 
THOUS “BS 
8.88 


* Masks the expected line. 
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TABLE I—Continued 


Mnt 
CDs cD, | cD; cD, 
56189.46 56356.11 56490 .49 56616.57 
’ 6942 .57(s) O863 0800) lean eran) Nanos etee ote sites ass 
a®Ds....| 41789.44 |}14399.92 TASOO.70 & | ib. Rncine as eke eee |o ce ren ere « ve pie 
(0.02) (O-07) "EN Se eet al oidla] ose tite arceucaciaren Sale! 
; 7012 .22(2) 6931 .27(3) OS67 STB(a)s OF Ue aeiscae cc state natersiots 
a®D4....| 41932.64 |414256.88 14423 .40 TASSBOO —lacawrarsnamosen eas 
(6.82) (3.47) CORI, > | saan geet woneanet 
ZA GOB COS CA rem We lias weer vie iar Steie oc) ores ais sales Px sie lelaraia, <harosa Statute orale 
a°D3 ALON TO a die ssenin alors ele ave < TAZOS ERE | ePateniatnrateracrartarayerals | Gace mca areto ei eveie re erae 
QcAE) ep SS teemidic cis estes lakes cet nceeeueata 
ihe SEO) eSB oO pOAOrOl oOo eco ee. ried MOPIGHeScoane snus 
a°l's ASST ASSIS S207 Bic ON mem | N'aie/atevarcisis cvs soasocasato-s | yeseclcns Waa acaterarclaiey at «il lalavaleleleieovstetevarere teenie 
(S225) ee = Jetoristentoues wove dew eupicisn ties levietars [einem Se auivee wae state 
7834 .32(2) G7SS cAS(AD)S i aoidte dae tteteete cepa adi) ani asa boo xlp-s se acarete cere 
aoFs 43428.56 |412760.85 PAQRT AOA Sai tachy we raepeerate alevareeall a tatajern ayore's se mvs chal ie 
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+ The intensities are those tabulated by Meggers; King’s temperature classification is added when 
available. 
¢ Blend. 
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§ Blend. 


|| Masks the expected line. 
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the right position, the limit of the series being known from other 
data. Further observations in the infra-red are desirable to confirm 
or disprove it. 

The new multiplets in V are weak, in Mx fairly strong, though 
the intensities fall off so rapidly that the component of lowest inner- 
quantum number cannot be identified. Those in Co are remark- 
ably strong, and account for almost all the heavy lines in the 
deep red. In all these cases the position of the high term was 
approximately predicted by means of the regularities discussed in 
the preceding paper, and the multiplets were then very easily found. 

The resulting series in V 1 converge to the *F’ term of the spark 
spectrum, thus giving the ionization potential which was previously 
unknown. Those in Co I also converge to a °F’ term, which must be 
the lowest in the spark spectrum, which is very incompletely ana- 
lyzed. The series in Mn 1 converges to the °D term in Mn Uy, as 
does also one involving a 4D term, previously known. This gives a 
good approximation to the relative levels of the 7S and SD terms 
in Mn ut, and made it rather easy to find the intersystem combina- 
tions which fix these levels exactly.‘ Further search revealed an 
“inverted”’ triplet which locates a high 7S term in series with the 
low one. These lines are given by Exner and Haschek, but have 
been remeasured on a plate kindly taken by Mr. King. They appear 
in the spark only, and are unsymmetrical and diffuse toward the red, 
differing widely in this respect from any other lines in the neighbor- 
hood—all of which characteristics are just what might be expected 
of lines arising from the transition to which they have been attrib- 
uted. The frequency differences are also in very good agreement. 

All of the lines of Mn u which thus far have been classified are 
given in Table II. This spectrum includes many other strong lines 
which probably arise from metastable terms not yet identified. The 
triplet of the quintet system, corresponding to that found in the 
septets, was sought for in vain and is probably faint. 


3. THE SERIES LIMITS 
By applying a simple Rydberg formula to the first two terms of 
any series, an approximate value of the limit and the ionization 


1 These combinations have been found independently by Black and Duffendack. 
Science, 66, 402, 1927. ; 
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potential can be obtained. Experience shows that this value is 
usually nearly correct when the series is produced by the removal of 
an s electron, since in such series the Ritz correction is almost always 
small. Series involving changes in a d electron are usually very regu- 
lar, except for the lowest term, when this involves the binding of 
the electron as part of an incomplete shell. In this case the energy 
of binding is considerably increased, and the application of a simple 
Rydberg formula puts the limit a great deal too high. 

Series involving a p electron, when d orbits are also present in 
the atom, are usually quite incapable of representation by a simple 
formula,’ and the application of one to the first two terms would 
give wholly wild results. 

In the iron group the majority of the series which can be identi- 
fied are fortunately of the most favorable type for discussion with 
limited data. By applying the Rydberg formula to the data given 
in Tables I and II of the previous paper the results listed in Table III 
were obtained. For brevity the four types of series which may in 
general appear in the spectrum are here denoted as follows: 


A d®-?s? to limit d"-?s (a) (higher multiplicity) 
B d®-?s? tolimit d"-*s (b) (lower multiplicity) 
C d®-‘s (a) to limit d2-: 
D d®~'s (b) to limit d2— 


The series C and D should have the same limit, but the limits of A 
and B differ from this and from each other. When the differences 
between these limits (which are well-known terms of the spark 
spectrum) are found from analysis of that spectrum, a direct check 
upon the relative accuracy of the approximation involved in using 
the Rydberg formula is possible. Its absolute accuracy can be tested 
only when at least one series is known in which there are three or 
more terms, and when a Ritz formula can be employed. The other 
limits may then be found from that of this series by adding the 
differences of level which have been determined in the spark spec- 
trum. 

The first column of Table III gives the element and the second 
the designation of the series, as just explained. The third and fourth 


« Cf. Fowler, Report on Line Spectra (London, 1922), p. 42. 
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columns give the term values, from Table I of the preceding paper, 
for the configurations including a 4s and a 5s electron, and the next 
the limit (which is the energy level of the corresponding state of the 
spark spectrum referred to the standard energy level in the arc spec- 
trum) as derived by a Rydberg formula. The sixth column gives the 
relative levels of these limits as determined from the analysis of the 
spark spectrum, and the next, the absolute levels determined by a 
Ritz formula when three or more members of some series are known. 

The third member of the A series in Fe 1 suggested by Gieseler 
and Grotrian’ has not been included. It is determined by a single 
multiplet of faint lines, a combination from the SP term. Most of 
the energy levels involved are clearly real, but they do not combine 
with the related SD’ or 5F terms, and it is therefore very improbable 
that they represent the d"~?s (6s) configuration. The term sep- 
arations are also much smaller than those of the other two series 
members, or the limiting F term a°D in Feu. The doubts regarding 
this term expressed by Laporte? appear to be fully justified. 

In the spark spectra we have two types of series: 

C  d2~-'s (a) to limit d2— 
D_ d®~ts (b) to limit d°-" 


The corresponding table (Table IV) is simple, since there is but a 
single limit. 

The series in Tables III and IV refer in all cases to the leading 
component (of greatest inner-quantum number), and the limits 
give the leading components of the spark terms. The subtraction 
of the quantities given in Table III under the heading “Spark” 
suffices to reduce these to determinations of the relative position of 
the levels used as origins of measurement in the two cases. A similar 
correction cannot yet be made for the spark spectra, as the multiplet 
separations of the lowest terms in the third spectra are known only 
for Sc ut and Zi m1. This correction is, however, too small to be of 
practical importance. 

The next to the last column of Tables III and IV gives the error 
in the limit determined from the first two members by a Rydberg 


t Zeitschrift fiir Physik, 25, 169, 1924. 
2 Proceedings of the National Academy of Sciences, 12, 502, 1926. 
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formula, expressed as a percentage of the distance from the lowest 
term to the limit. It is positive, i.e., the first two members indicate 


TABLE III 


Serres Limits IN THE ARC SPECTRA OF THE IRON GROUP 


Element | Type 4s 5s Rydberg Spark Ritz Poti ae ont: 
U Geta CG o | 21,026 | 35,4390 © | 35,006 | --1.2 | +1.6 
Ca..... A © | 33,317 | 51,438 © | 49,305 | 14.3 2.3 
Cc 20,371 46,704 | 62,841 nea 7 LL 63,016 | —0o.7 1.9 
Sense A 168 | 35,746 | 54,453 ray Levee Inestieteiemr ol orca Se 2.4 
Le: 11,677 42,085 | 59,414 AQSS. |e ene eens) cateeman 6) 
Yb A 387 | 37,825 | 56,995 393 | $5,523 | +2.7 2.6 
B 387 39,786 | 59,429 4898 | 60,028 | —1.0 DEG; 
C 6843 | 39,413 | 575334 1216 | 56,346 | +2.0 2.3 
Vien. A 553 | 39,597 | 59,154 F$ot ssh ah irae Aarne rhe sti eee 2.97 
Crean ts A 557. | 41,074 | 60,980 © | 59,388 2.6 2.7 
AS ia 29,145 | 48,182 |—12,498 | 46,890 2.8 25 
D — 158 | 30,132 | 47,428 |—12,498 | 46,890 ligt 2.2 
Mnso..| A © | 41,404 | 61,515 © | 59,937 2.6 ety 
B © | 49,415 | 71,262 9473 | 09,410 2.7 3-2 
C 17,052 | 56,190 | 75,770 | 14,324 | 74,261 2.6 2.7 
D 23,207 | 57,306 | 75,607 | 14,324 | 74,261 2.6 2.4 
Fees A oO | 44,677 | 65,523 i all eee aes | eens 2.9 
B ° Bry 3520 730507, AOR Real lsetarmactts | sunterteerate ee) 
C 6928 | 47,006 | 66,808 E973) 2 ntact llc 2359) 
D 11,976 47,961 | 66,743 TOTO aera | eat eee 2n5 
Conus A © | 47,524 | 68,979 fe fen ce cartes rate lotic. ior iat 
c 3483 | 44,782 | 64,371 ot pa Se OA nts to Doe 
D 7442 | 45,925 | 65,349 arp BU heretaetetere he lleeemenecte 2.6 
NG Poe A o | 50,466 | 72,526 OW are spnete| aoe oes Aye 
G 205 | 42,606 | 62,944 a Me aoe reese ok 2.8 
D 3410 | 44,263 | 64,247 cole ota eer te fects Qaiy 
CrP Rexne A ON 9535455.|) 745.082 © | 73,030 2.6 B74 
C j|—11,202 31,934 | 52,438 |—21,925 eae toy~ Deo: 2.8 
YA) ater A °o | 55,788 | 78,883 ° 75,707 | +4.1r | +3.6 


too high a limit, for all the series but two, which happen to be about 
the least reliable of the lot. The rejected term in Fe also led to a 
negative error. 

For the rest of the series the percentage error is clearly a function 
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of the length of the series itself. Dividing the terms for the spark 
spectrum by 4 to make them comparable with the others, and taking 
means by groups, we find: 


Length of series...... 32,300 50,500 59,000 75,000 
Percentage error...... qaie5 Sos +2.6 = eles 
NumbDeb wenn ee 3 4 6 3 


These may be represented by the empirical formula 
Percentage error=4.5X 10~5X (length of series). 


TABLE IV 


SERIES Limits IN THE SPARK SPECTRA OF THE IRON GROUP 


Element Type 4s ss Rydberg Ritz Percentage} Comp. 


Error Error 

CAN cos (e ° 52,167 97,060 95,748 +1.4| +1.1 
SOE oe G 178 Ciyiey |;itelagey er [epenodaned sacucoce 1.2 
D 2541 58,252 TOAST Ae UN cysts ieaass la eiahetciers ba} 

ete ae Cc 303 (ar Ml Seneyey/ = lion se naysg leacooocr tes 
D 4808 63,445 pif as opt rf er ee rein eee ac 1.2 

Mn*..... GC ° TASC Gm ELD Og HS | Nein cs) aeisets [leis ake tens 
Nites, c ° SS AOA WetAO 2. | Neareatere ela caieetsar 1.6 
D 5156 85,132 TAD 2OA Ws |erete cater sca heretia tai 1.6 

Cent, Cc ° BO, 054 sun LAA +S SOuaIR te ante e call. ceriaens iO 
D 4336 88,435 PAG OAS a lem nr. cacti eine 1.6 

La eae G ° 88 , 436 147,548 144,890 +1.8 +1.6 


The values computed by this formula are given in the last column of 
the tables. The average difference between the observed and com- 
puted errors is +0.5 per cent (rejecting the two anomalous series 
already mentioned). It appears probable, therefore, that the applica- 
tion of these computed corrections, in the cases where only the 
Rydberg formula can be employed, will lead to rather accurate 
values for the limits. The resulting values are collected in Table V, 
which gives the distance of the lowest term of each of the series A, 
B, C, and D from its own proper limit, rounded off by omission of the 
last two figures, which in this case are quite uncertain. 

The values have been adjusted to take account of the known 
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TABLE V 
Lisots FROM EMPIRICALLY CORRECTED RYDBERG FORMULAE 


V v/R 
SERIES Element v Element y 
Arc Spark Diff 
OF ete K 34,800 Cat 96,000 0.619 0.936 On3i7 
(Aras Ca 50,300 Soh UUacagecsemel tae ne eel acess |e eee 
Cann. Ca 43,700 Se 103,700 632 973 341 
1D eee Ca 42,200 Sct IOI, 200 622 ©.961 339 
Neen eae Sc 53,200 THT \iku at box cial ah eee aerate aeeeeee 
BB eeecr Sc 55,700 fh a ere ee era eae ee are Ce een aid (orice uso: o 
Coes Sc 46,500 Ti I10, 200 652 1.003 351 
1D eter Sc 43, 200 Tit 105, 300 628 0.980 352 
tran ie Ti 55,000 a ee PO a Pr Net) barr i ker nn tice 
Biscemes Ti 59,900 Vt, il ecad notaries homage ac ie eet renee mee 
Comes Ti 49,400 va (116,000) 672 (1.030) 358) 
(Bie orase Ti 44,400 V (109 , 000) 637 (0.999 362) 
TAS tr V 57,000 Cee" lisesi eet | eee See geen | ee ee 
Bees V 63,500 Cr’ BAe at tal ber eeta tal Cane noir 
Cea V 52,300 Cr (122,000) 692 (1.056) | ( .364) 
Bee: V 46,000 Crt (114,000) 649 (r.020) | ( .371) 
J EN edi Cr 59,000 Mh cs cca teats poe ae ed Ce 
Bayi. Cr rel Ge cid (i ns AE eet been gal Reset DE 
Cee Cr 54,300 Mn 126,800 705 1.076 371 
I Deen cr Cr 40,700 Mn 117,300 654 1.035 381 
DNAS rertiac Mn 59,800 pa gl Ge eel 58 aah hy Ae | ae Bee 
ne Mn 69 , 300 Tey os Sx c hoay crmvepell Detete a eae cerel| tele aeaue coral Seekem tac ans eens 
Cee Mn 57,200 Fet (133,000) 723 (1.100) |) ( 2377) 
Dae, Mn 50,900 Fet (124,000) .682 (1.066) | ( .384) 
Ne nest tee Fe 63,400 CEG a See tec een Le ee 
Bee wes Fe 71,400 Code. canons | Preaek le eee een 
OL ee Fe 58,300 Cot (136,000) 2730 (arr?) aes Sa) 
1D ee Fe 53,300 Cot (129,000) .698 | (1.084) | ( .386) 
Adee. Co ie. a (Rn Crees ee) Pr er Paige 
Bosra, Co ? fC goin) (eet Unemcnmersil Coal yh be he fa. 
Canes Co 59,800 Ni 138,800 739 1.126 387 
Dit eee Co 55,900 Ni 133,600 714 I.103 389 
AUR. har Ni 70,100 Cah Sek a Lee ate Lae | een 
Brenan DN diem) oes oe estes CPW het Gg 5 henry oops Cae, ane 
Cerone Ni 61,700 Cu 142,800 750 I.I4I 301 
Dice. Ni 58,510 Cae 138,500 732 1.124 392 
A Cu 72,500 Zak ee ee 
Bites Cu 76,800 Fe a Pan eat APN ENTS nd aR TE 
CON yet Cu 61,900 Znt I45,200 0.75% I.150 ©.399 
} Se Zn 76,100 Gat) alee don ca les een | Rees Deen tee een 
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differences in level of the arc and spark terms. For example, for 
Fe 1, subtracting from the values in the fifth column of Table III, 
which give the levels of the limits compared with the standard level 
in the arc as determined by the Rydberg formula, the corrections ob- 
tained by multiplying the distance of each term from its limit by the 
percentages given in the last column, we find for A, B, C, and D, to 
the nearest hundred, 63,600, 71,200, 65,200, 65,400. Subtracting 
from these again the spark levels given in the sixth column, we find 
63,600, 63,200, 63,300, 63,500, which are four independent deter- 
minations of the difference between the lowest levels in the arc and 


KA “CG aSG (lau V- OCr Ma aero Co. Ne (Cae Zn 


Fic. 1.—Ionization potentials of arc spectra. Large circles denote principal 
ionization potential. 


spark. The mean, 63,400, is entered in Table V under “A” (where it 
belongs). The differences B, C, and D are then found by adding the 
level differences in the spark for their respective limits, and sub- 
tracting those in the arc. A considerable number of entries can thus 
be obtained for series in which only the first term and the limit are 
known. 

The resulting limit-values, which represent the energy of homolo- 
gous ionization processes in the successive spectra, run very smooth- 
ly, increasing steadily with the atomic number, so much so that it 
would probably be fairly accurate to fill in the missing values for 
the spark spectra by simple interpolation. It may be preferable, 
however, to apply Moseley’s law. According to this, the differences 
of the quantities V y/R, where R is the Rydberg constant and y the 
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quantity which is given in Table V (i.e., the term value referred to 
its own limit), should be nearly constant for successive corresponding 
spectra. The values are given in the latter part of Table V, and run 
very smoothly, so far as known. When plotted, they show a break in 
the slope of the curve at the point of maximum multiplicity, Cr 1 and 
Mn u, such as is exhibited in several other cases in Figures 1, 2, and 
3 of the preceding paper and Figure 1 here. Interpolating the values 
of this difference numerically across the gaps and calculating back- 
ward to the term values in those spark spectra for which they are 
TABLE VI 
IONIZATION POTENTIALS 


NEvTRAL ATOM Tonizep ATOM 

ELEMENT 

A B c D Principal c D E Principal 
1 ae koe eogal Racca ite Care AXZO0| acne an Ae32. |e ehelepelai|iaeacetsiaiors|| > ovaseu mete]  onepeeemerene 
Ca ecne GO. 20a ecmwee 5-39 S22 CHOY) |] aerestseF [ls pcan 3 10.13 | 11.82 
Cua 6.57 6.88 5.74 5-33 iy? |jmiePiatstey |) ae IaZGy || wm eidey || airy sete) 
i eee 6.79 7930 6.10 5.48 6.805) |/513200))|01 2-00) ers 745 ulin 3.00: 
| ene ce 7.04 7.84 6.46 5.68 6.76: | T4e4 rans I4.7 14.7 
Crees 7.28 8.21 6.70 S70 GuvAm ler sat Tae 16.6 16.6 
Mn. 7538 | S255 7.06 6.28 ere || Tesnvfey || ala |) aweyatsyoy |) au 7ie) 
hee 7,83 8.81 7.20 6.58 vei || TOs Tito 16.3 16.5 
Co. 8.25 9.0 7.38 | 6.90 7.81 | 16.8 16.0 7.2 L702 
Nase foee 8.65 Q. 30 7.62 Wine OAM EN 70 aE OnSOm ek Ony2 18.2 
abe ne 8.95 9.48 TaOe | aaeenene 7.69 | 17.62 | 17.09 | 20.34 | 20.34 
8 ise, te AO | ee ee oes | ere eee ra | ee a 536/45] Be 7503 alive oneicnete [tse rercnstes 17.89 


unknown, we find the values given in parentheses in Table V. From 
the general run of the other curves, it seems probable that the error 
in the estimated differences of V y/R does not much exceed 0.01, 
which would correspond to about 2300 wave-numbers in the esti- 
mated term values in the spark. 

From the data of Table V the various ionization potentials of the 
atoms can immediately be derived. These are collected in Table VI. 
For convenience the notation is repeated. The ionization denoted by 

Ais d®—? s? to d®—? s (greater multiplicity) 
B is d®—-? s? to d®—? gs (smaller multiplicity) 
Cis { d®-t s (greater mult.) to d2—* (arc) 
d®-? s (greater mult.) to d®—-? (spark) 
Dis d=—-t s (smaller mult.) to d®— (arc) 
d=—? s (smaller mult.) to d2-? (spark) 
Eis d2— to d2— (spark) 


300 


SERIES AND POTENTIALS FOR IRON GROUP 1g 


The values listed under these headings are all derived from the 
first two members of the series by means of a Rydberg formula cor- 
rected as described above. 

The “principal” ionization potentials represent the difference in 
energy between the normal states of the atoms in successive degrees 
of ionization. Those for Ca, Sc, Ti, Mn, Fe, and Zn correspond to a 


Fic. 2.—Ionization potentials of spark spectra. Large circles denote principal 
ionization potential. 


transition of type A; for K, Cr, and Cu, to type B (both involving 
the removal of a 4s electron); while for V, Co, and Ni, the transition 
involving the least energy change is from d®~?s* to d®~* and in- 
volves the simultaneous removal of one 4s electron and shift of 
another from 4s to 3d. In the spark spectra the principal ionization 
involves the removal of an s electron in Ca, Sc, Ti, Mn, Fe, and Zn, 
and of a d electron in V, Cr, Co, Ni, and Cu. The values given in 
heavy type are derived from longer series and are of course to be 
preferred. The average difference between these and the values 
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given by the approximate formula is +0.04 volt and the greatest, 
0.12 volt for Ca, so that the approximation appears to be a good one. 

For V+, Cr+, Fe+, and Cot, the ionization potentials have 
been derived from those of the neutral atoms: Ti, V, Mn, Fe, by the 
application of Moseley’s law. These values are given to only one 
decimal place, and may be wrong by two- or three-tenths of a volt, 
but probably not more. 

The ionization potentials are plotted in Figures 1 and 2. The 
smooth course of the values corresponding to the removal of a 4s 
electron under similar conditions contrasts strikingly with the ragged 
sequence of those for a 3d electron (Fig. 2). The principal ionization 
potentials are marked with large circles. The way in which the ir- 
regularity of their run arises from alternations between processes 
C and E in the spark spectra, or C and A in the arc, is now immedi- 
ately comprehensible. 

Much work remains to be done on many of these spectra, but the 
present summary may be of use, both in astrophysical and physical 
applications, and in suggesting profitable lines for fresh spectro- 
scopic analysis. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
June 16, 1927 


ADDENDUM 


The differences between the ionization potentials A and B, or 
C and D, admit of a simple explanation. The reverse process for the 
transitions C and D, whether in the arc or the spark, consists of 
adding a 4s electron to a partially completed shell of 3d electrons. 
In case C, the multiplicity is increased; that is, the added electron 
is spinning in the same direction as the resultant spin of those already 
present. In case D, it is spinning in the opposite direction. Now, as 
Hund has pointed out, the magnetic interaction produces attraction 
in the first case, and repulsion in the second, so that the energy of 
binding is greater for C than for D. 

The magnetic moment M of the group of d electrons increases 
from a single magneton in Ca and Sc* to five in Cr and Mnt and 
then diminishes to one unit in Vi and Cut. The differences C—D are 
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actually nearly proportional to M, and greater in the spark than the 
arc spectrum. The differences A—B in the arc spectrum are neces- 
sarily identical with C—D in the spark. 

The curious discontinuity in the run of the ionization potentials 
E is now intelligible. The reverse of this transaction involves the 
addition of a 3d electron to a group of similar electrons. From Cat 
to Crt, the multiplicity is increased by the change; beyond this, 
owing to Pauli’s restriction, it is diminished. The magnetic force 
should therefore change sign between Crt and Mnt*, just where 
the observed discontinuity occurs. In the arc spectra the difference 
in energy between the configurations d"~’s? and d"~'s should show 
a similar discontinuity between the same elements; and so it 
does. 

The means of the values A and B, or C and D, should be unin- 
fluenced by this effect of spin. They actually run much more 
smoothly than either series alone, increasing by almost uniform in- 
crements. This makes it possible to represent the ionization po- 
tentials approximately by means of very simple empirical equations 
as follows, Z being the atomic number, and M the magnetic moment 
defined above. 


Arc Spectrum Spark Spectrum 
A=o0.320Z—0.13M C=0.601 Z+0.13 M 
B= .320Z+ .13M D=o0.601Z— .13M 
C= .262Z+ .10M E=1.12 Z +0.40 M—12.00 


D=o0.262Z—0.10M 


The values resulting from these formulae, and the residuals for 
the observational data, are as shown on page 22. (Residuals depend- 
ing on terms not observed, but estimated as series limits, are given 
in parentheses.) 

For the six types of ionization corresponding to the removal of a 
4s electron, the agreement is remarkably good (except for K 1, 
which is quite out of line with the others). The mean, regardless of 
sign, of the fifty residuals (rejecting K 1 and the less accurate values 
in parentheses) is +0.066 volt. Only five disposable constants ap- 
pear in the formulae which represent these fifty observed values so 
closely. It is evident, therefore, that the processes of ionization of 
the elements of the iron group are remarkably regular. The nine 
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estimated values give an average residual of +0.20 volt (which per- 
haps indicates that the estimates are a little too high). 

For the transition E, involving the removal of a 3d electron from 
a partially completed group, the constants of the formula are larger, 
and also the residuals, which average +0.28 (including many 
estimated values). Though much more irregular, these are small 
enough to justify the explanation of the discontinuity given above. 


PRINCETON 
November 8, 1927 
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SECONDARY STANDARDS OF WAVE-LENGTH; 
INTERFEROMETER MEASUREMENTS OF 
IRON AND NEON LINES 


By HAROLD D. BABCOCK 


ABSTRACT 


After some discussion of the technique, standard wave-lengths are given for 286 
iron lines, \ 3407—\ 6677, Table I, and for eleven neon lines, \ 5852-A 6506, measured 
in terms of the primary standard, \ 6438.4696 of cadmium. The neon wave-lengths 
agree precisely with the values that have been adopted as secondary standards. Wave- 
lengths found for iron lines are systematically less than the adopted values, confirming 
results from other laboratories. From detailed comparisons it is concluded that the 
adopted system would be improved by a reduction of about 2 parts in 5,000,000 for 
wave-lengths less than \ 5506, and by a linear reduction in the red region amounting to 
5 parts in 6,000,000 at » 6200, and to 8 parts in 6,000,000 at \ 6600. 

The systematic differences between the results of different observers are discussed 
and partially explained. 

Table V gives a few additional wave-lengths obtained by the adjustment of 
earlier observations to the new scale. Table VI gives supplementary wave-lengths, 
d 6213-A 7586, for 63 iron lines observed under arc conditions somewhat different from 
those specified for the production of secondary standards. 


I. INTRODUCTION 


The development of the interference method of comparing wave- 
lengths by Fabry and Perot* and its subsequent extension and appli- 
cation by Fabry and Buisson,? Pfund,’ Eversheim,* and others 
seemed to place the resulting system of secondary standards of 
wave-length’ almost above criticism. Indeed, for fifteen years the 
most exacting tests have failed (except in the case of unstable lines), 
to reveal any errors as great as 2 parts in 1,000,000 in the adopted 
list of standard iron lines. 

The observations of Meggers, Kiess, and Burns,° of Monk,’ and 


t Astrophysical Journal, 15, 73, 1902. 

2 Compies Rendus, 143, 165, 1906; 144, 1155, 1907; Astrophysical Journal, 28, 169, 
1908. 

3 Ibid., p. 197, 1908. 


4 Ibid., 26, 172, 1907; Zeitschrift fiir wissenschaftliche Photographie, 5, 152, 1907. 
5 Transactions of the International Astronomical Union, 1, 41, 1922. 
6 Scientific Papers of the Bureau of Standards, 19, 263 (No. 478), 1924. 
7 Astrophysical Journal, 62, 375, 1925. 
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the preliminary work of the writer’ indicate, however, that a minute 
systematic adjustment would improve the adopted system of stand- 
ards; and this is fully confirmed by the results now to be presented. 
The occasion for such an adjustment arises partly from the adoption? 
of new specifications for producing the iron spectrum, partly from 
improvements in the photography of the red part of the spectrum, 
and perhaps partly from the modern practice of transmitting the 
light of cadmium or of neon through the entire apparatus to the same 
plate which records the iron lines. 

This paper describes details of the technique that has been fol- 
lowed and discusses a comparison of the results with those of other 
observers. 

2. APPARATUS AND METHOD 

The concave-grating spectrograph with interferometer attach- 
ment has previously been described,3 but the grating itself and the 
plateholder were those to which reference has been made in a later 
paper.4 A few plates were made with the aid of a small auxiliary 
spectrograph having a concave grating of 2-m radius mounted in 
parallel light. Seven pairs of planes were used in the etalons: some 
of fused quartz, some of glass, and one of crystalline quartz. Nine 
separators of either fused quartz or invar, ranging in thickness from 
2.5 to 20 mm, served to keep the planes at fixed distances. Silver 
was usually sputtered on the planes to increase their reflecting 
power, but in a few cases gold was substituted. 

Projection of an image of the source of light was accomplished 
by means of a concave mirror 40 cm in diameter and 46 cm in focal 
length, so arranged as to give about 7 diameters enlargement. Except 
for a vertical diametral strip 10 cm wide, the mirror was covered, 
since this reduces the radiation incident on the etalon to less than 
one-third of what it would be if the entire mirror were exposed, and 
still gives full illumination of the apparatus. A water-cell was gen- 
erally placed before the etalon, and no radiation from the arc ter- 
minals was permitted to reach the etalon or its supports. 

t Physical Review, Ser. 2, 25, 716, 1925. 

2 Transactions of the International Astronomical Union, 1, 36, 1922. 

3 Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 138, 1917. 

4 Mt. Wilson Contr., No. 328; Astrophysical Journal, 65, 140, 1927. 
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A distinct advantage is found in a strictly achromatic image of 
the source, accurately focused on the diaphragm of the etalon. This 
may be illustrated by comparison with the case of a quartz lens of 
30-cm focal length used for projecting a fourfold magnified image 
of the arc on the interferometer. If such a lens is set to fulfil the 
foregoing condition for \ 5893, it is found that for \ 7200 the image 
is 6.3 cm from the interferometer, while for \ 3000 the image is 
35 cm distant in the opposite direction. Further reference is made 
to this matter below. 

It is customary to photograph lines of iron and of neon or 
cadmium on the same plate, by means of either divided or si- 
multaneous exposures, or a combination of both. For example, ten 
photographs were made in the yellow-red region for which iron and 
neon spectra were simultaneous and cadmium was added by divided 
exposures. This was accomplished by projecting a real image of the 
neon lamp into the central region of the iron arc and again projecting 
the combined light by a concave mirror to the etalon. The concave 
mirror was mounted on a heavy iron table, capable of smooth rota- 
tion about a vertical axis and provided with a divided circle reading 
to one minute of arc. The cadmium lamp was situated symmetrical- 
ly with respect to the combined iron and neon lamps, on the opposite 
side of the line joining etalon and concave mirror, so that nothing 
need be moved except the mirror, which required only a rotational 
displacement. Special care was taken to insure full illumination by 
each source separately. 

In the case of other photographs the cadmium source was omit- 
ted, and the arrangement described above was used without moving 
the projecting mirror. Again, the neon and iron lamps were alter- 
nately projected on the etalon by rotation of the concave mirror, and 
in this case various schedules of exposure were followed, such as neon- 
iron-neon, iron-neon-iron, iron-neon-iron-neon-...., etc. For all 
these cases the measurements showed no difference, a result depend- 
ent on the excellent stability of the apparatus and on the smallness 
of the variation in the etalons during the time of an exposure. 

The iron arc was of the Pfund' type, and was used according to 
the latest specifications adopted by the International Astronomical 

t Astrophysical Journal, 27, 297, 1908. 
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Union‘ for the production of secondary standards of wave-length. 
The anode was below, consisting of a large bead of iron oxide sup- 
ported on the hollowed upper end of a vertical cylinder of iron or 
copper 15-20 mm in diameter. The cathode was a rod of steel 6 mm 
in diameter, fitted with a large cooling cylinder of brass just above 
its lower extremity. The cooler permitted only 2 or 3 mm of the 
cathode to project, and was always massive enough to prevent the 
formation of a pendant drop of metal or oxide on the cathode. Com- 
mercial Bessemer steel rod was generally used for the cathode, since 
it was less inclined than wrought iron or cold rolled steel to form 
molten oxide, which causes unsteadiness of the arc. The line voltage 
was 250, the current 4.5 amp, and the length of arc 12-18 mm. Light 
was taken only from a horizontal central zone perpendicular to the 
axis of the arc, not exceeding 1; mm wide. 

When this type of arc is clean and correctly adjusted, it operates, 
in a quiet atmosphere, at a length of 15-18 mm with remarkable 
steadiness and freedom from clouds of oxide. About once an hour it 
is necessary to remove the accumulated deposit of oxide from the 
cooling cylinder on the cathode and to readjust the amount of iron 
rod protruding. The results obtained in this investigation confirm 
much previous experience with this arc in showing that it is practi- 
cally free from pole effect. 

The primary standard was obtained from a fused quartz vacuum 
tube operated on a 10,000-volt transformer at about 20 milliamperes, 
except in the case of two exposures for which a vacuum arc lamp was 
substituted. As the wave-lengths showed no difference, the cadmium 
arc exposures have been included with the others. The vacuum cad- 
mium arc was operated on a 250-volt circuit at about 1 amp, and 
the pressure was kept near to 1 cm of mercury. 

The spectrum of neon was obtained from lamps supplied by 
Adam Hilger, which operate on direct current at 200-220 volts and 
at 0.010 too.or5 amp. Such lamps have been in use in our laboratory 
for several years and have proved highly satisfactory for spectro- 
scopic purposes. The light is concentrated, steady, and of high in- 
trinsic brightness, while the lines are sharp and very accurately re- 
producible in position. The strong line \ 6402 is reversed in some 

* Transactions of the International Astronomical Union, 1, 36, 1922. 
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lamps of this type, and occasionally \ 6143 also, but the other lines 
appear unreversed under the resolving powers usually employed in 
precise measurements of wave-length, i.e., up to orders of interfer- 
ence of at least 60,000. 

Photographic emulsions of various kinds were used for different 
parts of the spectrum. As the plates had to be cut into sections, 
each 12.5 cm long, in order to approximate to the focal surface, 
whose radius is 131 cm, it was customary to choose different emul- 
sion for the various sections whenever the exposure could be short- 
ened or simplified by their use. For the red, yellow, and green regions, 
Ilford Special Rapid Panchromatic plates were most frequently used, 
while for the blue and violet, Eastman Contrast Bromide plates were 
found most satisfactory. Color screens were frequently helpful in 
making the density of the photographs more uniform throughout 
their length. 

The method of measurement and reduction of the photographs 
scarcely needs further description. Reference may be made to previ- 
ous Contributions for the details. Most of the results were obtained 
from photographs, each covering 2000 A, which were treated like 
those described in the last of these references. 

Correction for change of phase was made by the method of two 
etalons of different thickness in which the same planes were mounted 
successively. Occasionally the two photographs obtained in this way 
were reduced by the difference method to a single set of wave-lengths 
without actually evaluating the amount of the correction. This 
method, described by Merrill, consists in determining the two thick- 
nesses from the standard cadmium line and dividing the difference 
of the thicknesses by the differences of the orders of interference for 
the individual iron lines. Such results obviously require no correc- 
tion for change of phase. 

Corrections for dispersion of the atmosphere were nearly always 
negligible, but when required were taken from the tables published 
for the purpose by the Bureau of Standards. 

Most of the photographs were measured by one observer; a few 


t Mt. Wilson Contr., Nos. 137, 202, 328; Astrophysical Journal, 46, 138, 1917; 
53, 260, 1921; 65, 140, 1927. 
2 Scientific Papers of the Bureau of Standards, 14, 159 (No. 302), 1917. 
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of them by a second; and still others, with some duplication, by a 
third. The absence of appreciable personal equation in the results 
is shown by the accordance of the separate reductions of the same 
material. 

In such delicate observations as those required for determining 
standards of wave-length, the greatest difficulty, in my experience, 
is the fulfilment, during an exposure, of certain optical conditions in 
the apparatus. In comparison, the difficulties of measurement and 
reduction are almost negligible, provided the interference pattern is 
properly photographed on a sufficiently large scale. For an illustra- 
tion, I am indebted to my son Horace, a high-school student, who, 
during the first hour of his measurement of spectra, obtained results 
for typical iron and neon lines differing less than o.cor A from those 
which had been obtained from the same plate by an experienced 
observer. 

Some of the optical requirements are: (1) planeness and paral- 
lelism of the etalon plates; (2) coincidence of normal at center of 
etalon with optical axes of the projection systems which precede and 
follow it and also with that of the collimator of the spectrograph; 
(3) correct focus for each projection system and for the spectrograph 
throughout the whole extent of spectrum covered by each photo- 
graph; (4) projection, in focus on the grating, of a real image of the 
diaphragm which limits the etalon; (5) freedom from astigmatism 
and from variation of magnification over the whole field covered 
by the camera of the spectrograph; (6) reduction of total radia- 
tion incident on the etalon to a minimum by diaphragms and 
screens. 

Throughout the investigation strict attention has been given to 
such conditions, and the correct position of each part of the system 
has been repeatedly verified. As noted above, seven pairs of planes 
have been used to make the etalons. These have always been ad- 
justed to parallelism over a much larger aperture than is actually 
used for making a photograph. If left to themselves, they would 
remain in adjustment long after the completion of the photograph 
for which they were prepared. 

The third condition, when a long range of spectrum is to be ob- 
served at one time, is not so easy to meet as might appear, and de- 
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parture from it may introduce small systematic errors. If the image 
produced by the projection system is not in focus on the etalon, it 
is evident that some mixing of light from different parts of the source 
will occur, and in the case of the iron arc a departure from the 
specifications may result. In addition, the interference pattern may 
show a difference of brightness on opposite sides of the center, par- 
ticularly in the red region where the arc is far more intense near the 
cathode than anywhere else. 

Imperfect focus of the projector which puts the interference pat- 
tern on the slit may be an insidious source of small errors. For exam- 
ple, a certain spectrograph has a focal surface for dust lines which 
is closely represented by a circle of radius 131 cm. If an interference 
pattern is projected on its slit by a well-corrected triplet lens of 41- 
cm focal length adjusted for red light, the rings for \ 4000 will be in 
focus 2 mm behind the slit and the resultant focal surface for the 
rings will deviate by that amount from the true focal surface of the 
spectrograph. The use of concave mirrors throughout is a satis- 
factory solution of these difficulties. 

The fourth condition, long ago pointed out by Fabry and Buis- 
son,’ appears often to have been overlooked. Yet it is essential for 
exact equivalence of the various ring segments of a given line. In this 
investigation the image of the diaphragm has always been made 
smaller than the ruled surface of the grating and sharply focused 
thereon, so that the portion of the etalon actually used is all of that 
defined by the diaphragm in front of the etalon, and is the same for 
every ring segment photographed. Disregard of this condition may 
easily lead to non-uniformity of intensity in the ring segments for 
each line, as well as to small differences of fractional order for inner 
and outer rings. Without more complete data regarding the appa- 
ratus used by other observers, it is impossible to determine the effect 
on their results of ignoring this detail; but from their published de- 
scriptions it would appear to be a possible explanation of some of the 
discrepancies noted below. 

The fifth condition was examined in detail for my apparatus by 
measurements of photographs taken without the interferometer, but 
with a series of small apertures over the slit. No distortion was found 

t Journal de physique, 7, 169, 1908. 
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on any part of the plate, although the tests would easily have shown 
its presence. 

It is evidently desirable to reduce the time of exposure as much 
as possible for work of this exacting nature, in order to minimize 
the effects of earth tremors and inevitable small changes of tempera- 
ture produced by exposing the etalon to the radiation of the arc. 
With a grating having remarkably high intensity in the red end of 
one first-order spectrum, the average time elapsing during a complete 
observation in the region \ 6200 was forty minutes, and for shorter 
wave-lengths it was still less. Comparison shows that in general 
other observers have required considerably longer intervals for the 
completion of an observation. 

An important feature of the equipment used here is the concave 
mirror which projects the interference pattern on the slit. Highly 
perfect in figure, of ro-cm aperture, 63-cm focal length, and capable 
of precise adjustment, it provides accurate images of the rings for all 
wave-lengths on a large uniform scale. The aperture of the mirror 
actually used in the observations is of course determined by the size 
of the diaphragm on the etalon and the angular aperture of the 
projector which illuminates the etalon. An advantage resulting from 
the long focus of this mirror is the ease with which the maxima of 
the lines may be discerned on the photographs, with consequent 
freedom from systematic errors dependent on the width of the spec- 
tral lines. If all spectral lines were of equal width, no error would be 
introduced by measuring the geometrical centers instead of the 
maxima of the ring segments; but in the actual case appreciable 
differences may enter, which generally tend to make iron lines appear 
to have wave-lengths too long when they are compared with stand- 
ards from neon and cadmium. Settings have always been made on 
the maxima of intensity of the lines, and thorough examination has 
failed to show any effects which depend on width or intensity. 
Furthermore, the differences in fractional order found from inner 
and outer rings are quite small and purely accidental in character. 

The difficulty of maintaining high resolving power for violet light, 
without serious loss of intensity for red light, is an inherent limita- 
tion of the interferometer provided with silver films. For this reason 
not all the observed iron lines of wave-length less than \ 4271 were 
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directly compared with the neon or cadmium standards; 18 of them 
were measured in terms of nearby iron lines, while 45 others were 
compared with both iron and neon standards. The lines so dealt with 
are referred to in a following paragraph. 


3. RESULTS 


The first column of Table I gives the wave-lengths which have 
been found for 286 iron lines. The second column indicates the num- 
ber of plates on which each line was measured; the third gives the 
intensity assigned by Meggers, Kiess, and Burns’ and also the pres- 
sure group of the Mount Wilson classification, revised in some cases 
with the aid of new data on the pressure effect. In the last column 
is found the multiplet designation, based on the papers of Walters,’ 
Meggers,3 and Laporte,’ with additions from the unpublished list of 
term values prepared by Professor Russell and Miss Moore. 

Wave-lengths marked with two asterisks were derived, not from 
the standards of neon and cadmium, but, for the reason indicated 
above, by comparison with nearby iron lines. The lines marked by a 
single asterisk were measured partly in this way and partly in terms of 
neon standards. For such lines no difference appeared between the 
results of the two procedures; and since the lines marked** occurred 
on photographs thus controlled, they have been included in Table I, 
and, in fact, are as well determined as the rest of the lines in the 
table. 

The uniformity of the results from separate plates is illustrated in 
Table II, which gives for a few points in the spectrum the respective 
values for each plate measured. The corresponding average probable 
error of a mean wave-length is +0.0002 A, and of a single determina- 
tion, 0.0008 A. The same order of accuracy is found throughout 
Table I, for lines of pressure groups c and d as well as for those of 
groups a and b. The probable error of any wave-length in Table I 
may therefore be found by dividing +0.0008 A by the square root 
of the number of plates measured. For all lines except those meas- 


t Loc. cit. 

2 Journal of the Optical Society of America, 8, 245, 1924. 

3 Astrophysical Journal, 60, 60, 1924. 

4 Proceedings of the National Academy of Sciences, 12, 496, 1920. 
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ured on only one or two plates, the probable errors of the wave- 
lengths are evidently well under +0.0005 A, and the fourth decimal 
place might have been retained with some justification. But the 
actual uncertainty is always greater than the probable error, and it 
appears better to omit the fourth place because of the probability of 
undetected systematic errors affecting this figure. 

Eleven prominent neon lines between \ 5852 and » 6506 were 
determined in terms of the primary standard from ten excellent 
photographs made with etalons ranging in thickness from 2.5 to 20 
mm. The photographs were reduced by the method of differences 
referred to above, so that the wave-lengths are independent of any 
other observations. Except for two lines, the results are identical 
with the adopted wave-lengths of standard neon lines. For these 
exceptions my wave-lengths are 5852.487 and 6266.494, while the 
adopted values are 5852.488 and 6266.495, respectively. For the first 
of these Monk found 5852.487. Since these photographs also show 
the iron-arc spectrum, exposed simultaneously with neon and re- 
ferred in the same way to the primary standard, it seems reasonable 
to believe that the wave-lengths for the red iron lines are correctly 
determined. Moreover, wave-lengths for the same red iron lines, 
derived independently from neon standards on other plates, show 
no systematic difference from the results obtained from the ten 
plates referred to here. 

4. DISCUSSION 

A comparison of the wave-lengths in Table I with the system of 
secondary standards adopted by the International Astronomical 
Union’ shows that the new values are systematically smaller. If un- 
stable lines are omitted from the comparison, the differences, from 
the beginning of the table to \ 5506, are very uniform, averaging 
0.0023 A for thirty-nine standards. A similar comparison with the 
“interpolated” wave-lengths? of the secondary standards gives the 
same average difference. For seventeen unstable secondary stand- 
ards in this region of the spectrum the corresponding differences are 
0.0094 and 0.0095 A, respectively, but if the new wave-lengths for 

t Loc. cit. 

2 Transactions of the International Astronomical Union, 1, 41, 1922. 


3 Ibid. 
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these unstable lines are compared with the former Mount Wilson 
values’ alone, instead of with the interpolated results, the mean dif- 
ference becomes 0.0022 A, i.e., identical with the difference for stable 
lines. This clearly illustrates the reproducibility of the arc used at 
this Observatory, and indicates a mean pole effect of 0.007 A for 
these unstable secondary standards in the arcs which were originally 
used for producing them. 

From the ultra-violet to the yellow the results in Table I are 
uniformly less than the adopted system of standards; an adjustment 
of 0.002 A will harmonize the two systems satisfactorily, if only 
stable lines are considered. For the spectral region \ 6065- 6750 
the new values are also systematically less than the adopted system; 
but here, instead of being uniform, the difference increases with the 
wave-length. In fact, if the individual differences are plotted as 
ordinates against wave-lengths as abscissae (Fig. 1), the points lie 
throughout on a straight line with only one deviation as great as 
o.cor A. The average amount of the difference is 0.0086 A. 

A comparison of my measurements with those of Meggers, Kiess, 
and Burns,? the spectrum being divided into two parts as before, 
shows that for 80 lines, \ 3513-A 5506, my wave-lengths are system- 
atically shorter than theirs. The differences Babcock minus Meg- 
gers, Kiess, and Burns are positive for 2 lines, zero for 12, and nega- 
tive for 66, with an average of —o0.0013 A. From X 6065 to \ 6677 
there are 2 zero differences, 1 positive and 17 negative, with an 
average of —0.0022 A. Since for the red lines all the corrections usu- 
ally become negligible and since these lines show the same consisten- 
cy among individual measurements as lines of shorter wave-length, 
it is at first surprising to find a greater systematic difference in this 
part of the spectrum. Examination of the paper of Meggers, Kiess, 
and Burns shows, however, that although the title says clearly that 
their work was done with the new international arc, i.e., the arc 
specified by the International Astronomical Union in 1922, the de- 
scription of the apparatus indicates that they did not use the speci- 
fied arc. On page 264 they say: “Iron rods 7 mm in diameter were 
used as electrodes and the upper or positive pole was surrounded by 

t Loc. cit.; also Mt. Wilson Contr., No. 202; Astrophysical Journal, 53, 260, 1921, 

2 Scientific Papers of the Bureau of Standards, 19, 263 (No. 478), 1924. 
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a close fitting brass cylinder perforated with holes to serve as a 
radiator.” In the Pfund arc, however, the negative pole and the 


Meqgers Keiss, 
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Fic. 1.—Comparison of recent measurements with adopted system of secondary 
standards in the red region. The horizontal line marked o above each observer’s 
name represents the secondary standards. Small circles indicate the departures 
(unit=1 A) for individual spectral lines. 


attached cooling cylinder are above, while below is a massive rod of 
iron or copper, 10-15 mm thick, the actual anode being a bead of iron 
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oxide resting in the hollowed upper end. The differences indicated 
may appear slight, but they are in fact of real significance. Essential 
features of the Pfund type of arc are the polarity and the provisions 
made to prevent overheating of both terminals. 

After discovering the systematic difference in the red region re- 
ferred to above, I set up the same kind of arc as that described 
by Meggers, Kiess, and Burns and measured the red lines in exactly 
the same way as I had done previously with the specified arc. The 
results were confirmed on a second plate, and the means for 6 lines 
are on the average the same as the wave-lengths obtained by them. 

Although it is not insisted that the entire systematic difference 
between my results and those of Meggers, Kiess, and Burns is caused 
by real differences in wave-length in the sources used, it would seem 
possible that such an explanation may account for part of the differ- 
ence. This is confirmed by a comparison of our wave-lengths for 26 
sensitive lines of groups c and d, which give a mean difference, 
Babcock minus Meggers, Kiess, and Burns, of —0.0023 A, instead of 
—o.oor1 A, as for the stable lines. Here is found evidence that the 
arc used by them exhibits pole effect to the extent of about o.oo1 A, 
and it might therefore be expected that the red 0 lines would show 
wave-lengths slightly too great when observed in their arc. 

It may be remarked here that the observations of St. John and 
Babcock’ on pole effect in the iron arc were made with arcs about 
6 mm long. The measurements were differential, i.e., they showed 
the change in wave-length for each line when observed at the pole 
and at the center; but they failed to show the amount of pole effect 
still existing at the center of the arc. For the red d lines the measure- 
ments did indeed show slight apparent displacements toward the 
red at the negative pole, but of a magnitude too small to be dis- 
tinguished from errors of observation. On this basis the lines were 
classed as stable, but later experience has shown them to be some- 
what unstable, though far less so than nearby lines of group d. If in 
our early observations of pole effect we had compared negative pole 
and center of such an arc as the one now used for producing second- 
ary standards, we probably would have found definite displace- 
ments of a few thousandths of an angstrom for the red 0 lines. 

t Mt. Wilson Contr., No. 106; Astrophysical Journal, 42, 1, 1915. 
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Comparison of my wave-lengths with those of Monk" shows that 
the difference Babcock minus Monk is systematically negative. For 
85 lines of all groups there are 7 positive, 18 zero, and 60 negative 
differences, the average being —o.oo10 A. Practically no distinction 
appears between stable and unstable lines, nor between various spec- 
tral regions. Since the arc used by Monk was the same as mine, the 
slight systematic difference in our results is probably caused by some 
small difference in technique at present unrecognized. It appears un- 
likely that this should be connected with the correction for change 
of phase, for the difference is nearly uniform throughout a long range 
of spectrum, including that part where all corrections become zero. 

The work of Wallerath? contains only g lines in common with 
Table I of this paper. For these the difference Babcock minus Walle- 
rath is negative in every case, and the average is —o.0024 A. The 
lines compared are scattered over the region \ 3513-A 5341 and are 
all stable. Kleinewefers,? working with practically the same appa- 
ratus as Wallerath, obtained wave-lengths for iron lines from \ 5167 
to \ 6677, including 40 which are found in Table I. For an examina- 
tion of the differences between his results and mine, the spectrum 
may be divided into two parts, \ 5167—A 5658 and A 6065-A 6677. In 
the first part the differences Babcock minus Kleinewefers for 16 
stable lines are all negative except two, one of which is zero, the 
other positive. The mean of these is —o.co21 A. Eleven lines of 
group d, however, all show negative differences averaging — 0.0049 A, 
a definite indication of pole effect in the arc used by Kleinewefers. 
For 13 red 6 lines the differences, all negative, average —0.0057 A, 
but they range from —o.co1 to —o.o10 A in an irregular manner. 
In Figure 1, to which reference has already been made, the results, 
for the red 0 lines, of Meggers, Kiess, and Burns, Monk, Kleine- 
wefers, and Babcock, are graphically compared with the adopted 
system of secondary standards. 

The preceding paragraphs give comparisons of my results with 
those of other observers. It will be instructive to summarize for 
these observers the deviation of their wave-lengths from the inter- 

t Astrophysical Journal, 62, 375, 1925. 

2 Annalen der Physik, 75, 37, 1924. 

3 Zeitschrift fiir Physik, 42, 211, 1927. 
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TABLE I 
STANDARD WAVE-LENGTHS OF IRON Arc LINES 
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TABLE L—Continued 
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TAQUORTOO sete 6 8 b C-M 
#4200180 yee & IO d E-X 
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AISSTAAA SS «cies 3 2 Oe y\| Rorteneere 
A260, A00 tase it I Cin. oA ee eee ee 
AQOA LIS oen oe = 6 6 b C-L 
ALOOe2AD oer etre 5 7 d E-X 
AZOR GAGS ae ayera ws 3 2 Dil Waapste ses icess 
ASOWQO0's wexraaree 4 8r b C-M 
ARTUR LOO Tar ree aiar. 9 5 a D=-Y 
TEV tah (0h teers Gar 2 or b C-M 
ASS 7 OAD ater der: 9 5 b C-L 
PA ORG EY fo rire ore 8 4 a D=V 
ABOONTTA ce ae ctane 6 3 Uae wt bike ana 
A275 3032 a. ete 8 5 a A-V 
ABSS RAG ae 3 1oR b C-L 
3003 O50 si ctotey- 2 3 Oi 0 Bere econ: 
AAOGVALO My se I 4 Cc D-Q 
AALS ODO csi oiee 2 8r b C-L 
4422 570 veil inne 6 4 ee Wea ee ook 
TVG y 20% ty moh 8 5 a A-V 
AS30308. ones: B 4 C D-Q 
AAAZ GAZ eae 4 5 Cc D-Q 
AAAZSIOSsc oan) a8 2 gi Ope al ie ee 
PVAV ys OT AA 5 5 (6 D-Q 
AASA SS OS oreo ter 4 3 Di alige | Setar: 
AASOSEDT oe. ee, 5 5 Cc D-Q 
AACE AOS A eee 5 4 a A-V 
AAOO NSE Aa ee 9 5 Ojatw ah Pattee tes 
44008 SST soy ee I 4 Cie oh | cee ee 
AAI OLODT Eee 8 ” Dilger’ | renee 
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TABLE I—Continued 


r No. Plates Intensity Group Multiplet 

ACD SEI)s soot ac 3 5 b D-O 
BOW OA Gogeor 6 5 a CI 
O27 7lO Liste eee 7 8 a C7, 
CORPO comoue Be) 8 d W-X 
BOGOR O2 nee nee Io 8 d W-X 
E200 S540 aren ets 4 Io a B=E 
BOT OUGS OMe er: 8 8 a C-Z 
Rost Hy OOM ay 2 5 d W-X 
E2O2 O20 ware citele 6 if d F-T 
BeO2n307 wena 2 5 d F-T 
RA2A WL OG nie oes 10 6 d F-T 
RAZ OAD ane 5 4 a B-F 
RI20-OS 5 acer I a d F-T 
E241 O28 is reine 20 5 a CZ 
Reloy tye ile oor I 2 e L-vr 
ESO TANO serie 2 3 e L-L’ 
Ba60. 00 suru 3 4 € L-L’ 
EAT Dens eerie 9 7 a B-F 
SaSao Ane vee 5 5 é L-x 
SGT Aetna aty 6 4 d F-T 
RAOUL SOn seer ry, 6 a B-F 
SAGA TAAL anes I 3 € L-L’ 
BACK G/U arewiaiel er 12 6 a B-F 
FALOROLS cari 2 3 CAMO fees oie oer yg 
BATE AZO™ Aer es is 4 e L-L’ 
DADA OF? aie sane 4 4 € L-L’ 
BACON OM) sponte Io 6 a B-F 
BARA Ba 0ters ts atte 22 6 a B-F 
RAAQROTO ag oa see II 6 a B-F 
RAR GOL Sir erp 15 6 a B-F 
SAO VEG LO me: 22 4 a B-F 
S5OE 400 Maa. 17 4 a B-F 
D500 a7 Oe are 23 4 a B-F 
BREA OOS arian chee 2 3 Cea latitantie cera 
REOSEOOA Spee 2 a d J-T’ 
BSOR ROO se nese 2 a Cr UlAgeerrets 
S500. 0247 axe 2 i> d G-T 
EZ OAG eae wae 3 5 d GT 
BS OOROD Mea see 4 6 d G-T 
BOTS O50. gensotaet: 4 6 d G-T 
RO2A GAG Me eee 2 5 d G-T 
E625. 200m eens I 3 d K-T’ 
5OSS- p25 tener 2 4 d G-T 
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r No. Plates Intensity Group Multiplet 
OLZ0-05S sear. 26 4 b v-M 
OF37 2000502 se 20 4 b c-N 
OTOL SOD sa. ven 26 5 b v-M 
O23 O77 27 waa 23 5 b c-N 
O2522550a snes. 16 4 b v—-M 
O3TO,O2T ae os 6 4 b v-L 
6203:003 asset 19 5 b v-L 
GAOOKOLO earn. ele 7 5 d H-T 
O42 34a Io 4 b D’/-K’ 
O42 OnO5O neers 14 5 b D=J 
OAGAR OOS wie ere 20 5 b v-L 
O540,,242 ees 9 3 b V’-N 
OS O2eOLOr vee 9 5 b V’-N 
OORT ROOS cere Gee 2 5 b V’-N 


polated' wave-lengths for stable lines in the range \ 3370-A 5500, 
since a greater amount of material is thus available for com- 
parison, and since the interpolated system is on the average identical 
with the adopted system of secondary standards. This is done in 
Table III. 

The agreement of the last three means is probably as close as can 
be expected. They show systematic differences of only 1 part in 
10,000,000, but little more than the probable errors of the observa- 
tions. Taken together they seem to outweigh the first two for several 
reasons: (1) number of lines observed; (2) the last three are entirely 
independent results, while the first two depend on work done in the 
same laboratory with practically identical apparatus and technique; 
(3) results obtained with the same apparatus by Eversheim differ 
systematically from those of other observers, in the same direction? 
that those of Wallerath and Kleinewefers differ from the others in 
Table IIT. 

The arithmetical mean of the five average differences is +0.0010 A; 
if the first two are combined and weights proportional to number 
of lines involved are assigned, the weighted mean is +0.0015 A; if the 
first two are omitted, the weighted mean is +0.0017 A. It appears 


t Loc. cit. 
2 Priest, Physical Review, Ser. 1, 31, 602, 1910. 
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safe to conclude that the adopted system of standards would be im- 
proved by a reduction of about 2 parts in 5,000,000 for wave-lengths 
TABLE II 


AGREEMENT OF SEPARATE DETERMINATIONS 


d» 3585 d 4466 A 5012 d 5506 d 6230 A 6404 
321 553 070 . 780 727 982 
321 553 070 . 782 726 982 
321 555 o71 2753 726 982 
320 554 070 . 780 726 983 
321 554 070 . 780 727 983 
321 555 074 - 781 724 985 
321 556 072 . 780 2725 982 
320 554 072 . 782 725 983 

555 o7I . 781 -729 982 
070 782 727 982 
o71 782 -720 984 
781 -728 984 
781 728 984 
781 728 984 
782 .728 985 
782 .728 984 
781 .728 
782 .726 
- 784 729 
. 784 
. 782 
.782 
.782 
Meansic eet seek +554 .O71 siya Pil -983 
TABLE III 


AVERAGE DIFFERENCES FOR STABLE LINES BETWEEN A 3370-A 5506 


Comparison Difference No. Lines 
Interpolated— Wallerath.......22.2200 0% -+-o0.0000 A 30 
Interpolated—Kleinewefers.............. . 0002 17 
Interpolated— Meggers, Kiess, Burns...... .OO14 95 
Interpolated —Monkiwe on. ca .OOI5 73 
Interpolated —Babcocks2cee.. sae eae ee ese +o0.0019 187 


less than 5506, and by a linear reduction in the red region amount- 
ing to about 5 parts in 6,000,000 at \ 6200 and about 8 parts in 
6,000,000 at A 6600. 
It may be pointed out that Table I closely confirms the prelimi- 
nary results' obtained with the same apparatus, and that the final 
t Ibid., Ser. 2, 25, 716, 1925. 
328 


SECONDARY STANDARDS OF IRON AND NEON 23 


wave-lengths given here for the red iron lines have been tested in 
actual use. Precise wave-lengths of oxygen absorption linest have 
been derived in terms of these iron wave-lengths and independently 
from the neon standards. Both reference systems gave the same re- 
sults for oxygen. 

A summary of the features of this investigation which tend to 
reduce the number and magnitude of systematic errors would in- 
clude: (z) reduced time of exposure; (2) photographs of large scale, 
both in the interference pattern and in the auxiliary dispersion; (3) 
reduced number of optical parts in the system; (4) large number of 
etalon plates successively employed; (5) variety of methods of ex- 
posing to the different sources; (6) achromatic projection through- 
out; (7) rigorous tests for correct adjustment of the entire optical 
system; (8) absence of systematic difference in fractional orders from 
inner and outer rings; (9) freedom from effects depending on width 
and intensity of the lines and on personal equation in the measure- 
ments; (10) freedom from pole effect in the iron arc. 

During the progress of the work described here the same appa- 
ratus has been used for observations of wave-lengths from the 
vacuum iron arc, which will be discussed in a forthcoming paper. 
It is interesting to note that the dispersion among the results for 
the same line from individual plates is practically the same for the 
vacuum arc as for the open arc specified for producing secondary 
standards. There is no evidence of greater reproducibility or of high- 
er attainable accuracy in the spectrum from the vacuum arc—a con- 
clusion in agreement with that of Monk.” 

For wave-lengths shorter than A 5506, the work of St. John and 
Babcock was done with the long Pfund arc under the same condi- 
tions as have been observed in obtaining the data of Table I. Lines 
measured by them but not included in Table I may readily be re- 
vised to the present scale by applying small corrections derived by 
comparing material common to the two lists. These corrections are 
summarized in Table IV. Since the corrections cover a range of only 

tDieke and Babcock, Mit. Wilson Communications, No. 102; Proceedings of the 
National Academy of Sciences, 13, 670, 1927. 

2 Loc. cit. 

3 Mt. Wilson Conir., No. 202; Astrophysical Journal, 53, 260, 1921. 
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0.002 A throughout the region discussed, it appears that the wave- 
lengths relative to each other were determined almost as accurately 
TABLE IV 


CoRRECTIONS TO BE APPLIED TO EARLIER Mount WILSON 
WaAvE-LENGTHS OF IRON LINES 


Region No. Lines {Mean Correction 
2409-35 30 an aes ie ie eee 20 —o.0009 A 
3602-300 Siaraa case scocars are i syanate 23 .OO1O 
B7OT—3700 tran cene erie 28 .OO17 
3808-2500 omar aecberese risers 35 .OO17 
ZQOL=BOO Tia ainwiee sea eh er 22 .002I 
AOOH—A200's fiaos a hentsraeiie 26 .0020 
AZOR-AWAG cccaiyviala cel -veyoieie mien 18 .002T 
AAS AAO Maa cre acres stetehatselale 2I .0032 
AVOV-AGOA a cis aucrstotecigestenedo aes 19 .0029 
BOOT=G 293 senate Saree es erearesiors 21 .0023 
BROR—C HOO nny wieleialate sis eietets 23 —0.0025 


in 1921 as they have been in the recent measurements. A few lines, 
chiefly secondary standards not included in Table I, have been re- 


TABLE V 


CORRECTED WAVE-LENGTHS OF CERTAIN IRON LINES 
MEASURED IN 1921 


x No. Plates Intensity Group Multiplet 
ELV oui teas Aer iece 13 Oe Seo) suatensetane, | Seen Caer s 
2200 60 cece teek 20 6 d D=x 
BRASE CST ows theese os 4 d D-x 
BASE OQAT Vi ccke cia 14 6 d D-a 
B5S0. 550m. cer aa 26 OF temcl mstadeys crate ots | ler eens 
BeOS Oki cu eninn 39 OR b B-M 
BO7O285S os te esie 29 (2 ied Reece aoe anetieie.as 
BT IAS BIOs meen <2 26 Oo | Fetchaxetecetonatell oe orate eeatene 
BOOS OTS sede: 17 3 DO. were eanns 
ALOFAAOD ye ao os cee 25 5 PEND Witeccrettcctican 
ALEGRSAQ as 5 seer. - By 6 Di has eee 
ATSASDO2 tne elects 37 5 Be eae 
Fd by fal Oy 9 een ar iy 40 4 b C-M 
ALS OLO We vay 56 4 ie PN eer eo Sets 
AISA BOS sant eee 52 4 bE ae eae 
A202. O87 canis eee 36 3 Die at sores 


duced to the new scale by means of these average corrections and 
are listed in Table V. 
In addition to the new measurements and the revision of certain 
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TABLE VI 
SUPPLEMENTARY MEASUREMENTS; PROBABLY MODERATE POLE EFFECT 


oN No. Plates Intensity Group Multiplet Miceece apa 
OQTIEAS Ore ame ees 3 3 b 1D] 435 
O2TORZ0O cases ce somes 3 3 b pei 286 
O20 050 ies eee I 2 b sD eg ee ee 
O25 As 262.5 nde ee 2 3 b D-K’ .262 
2S Gs 7O tae atiateer ens re 2 3 b v-M . 366 
O2OR ETC Oi pesussmaneet sien,» 2 3 b D-J 140 
G2 BONDS wre suaaiie caer aXe 2 2 a B-V 621 
2007 008.08. oeranieracp cies I 3 e? tice | Rao 
02077900,% e4c les antes os 2 3 b D-J 800 
3227 O03 scree dra teaterarcsteten 3 3 b c-N 692 
Upeihckismemencmacn memos 2 4 b Dj 338 
(EW latete Rote ere Ote CSOD 2 4 d H-[ . 841 
OBA AST Aira discon setae sae Z 2 b v-M SESS 
O38R8O88 as. eee 2 2 b c-P .037 
OPE Se002 94.5 asacise wets 2 3 a BHVid, Oy ananeetenaes 
S808 7A.Grk Wislalsoeake saree 2 3 i cage te torn ore -748 
GAOO HOF Te re ern anions a 2 4 d H-T 034 
GATED NO KOR hictseis ston Foie 55 2 4 d H-T 666 
BAO 2 a7 3 Peat tetas rpsieostscta 3 4 . & B-V 732 
GAOO RAT cre ade intel =e I 4 b Need Bo aceite cats 
(BV. AoA ete ree paclisece Caen eRe 2 3 b c-M .632 
CAST OW Batic. ie aise eae 3 3 b D’-J .878 
ORTS 3 /Oasmrcse west a ses 2 3 b c-P Ba75 
Gs Conetdy acc ses sie I 5 (Ss osc soln acceso eae 
G5 7GrO2 2 rents. er 2 3 b c-M 024 
BOS RO TO cicieei ies ee 2 3 b v-L .876 
GOOO PTL Omir hte toiawerie es 2 4 b c-M err 7; 
GOO BV AAA oe ereclae slices 2 4 lie sansa -447 
O7OSe TL yoyenrini ciereesess I ee) | ESS cok a lesen os.cmmoaae 
OVEOL DN 24. o5 ceo e aheeeere 2 4 eel nor sence 57 
GO2SLOTOu jee ate oeside I 5 agers erase O-T’ 612 
GSA TSS O ccna seiscisasys I AON team er O-T’ 355 
OSU ROT Loerie toto I Tie gi ranks abies NSE 676 
GSR STO ete Saas r Pe ae tenes aces O-T’ 179 
OONOL7OR garam sis x 3 d Jt 709 
DONS 20S werns serena 2 7 I eae cea een brute Brod 211 
WIGS Te ZOD cereie's wteces she averse 2 BT Ts Sepctetee ater! eal aya oaes awit 271 
Oca po eline ncanene Scenes 3 BD Oe evartece ysl eas: easelin cusepuanes .857 
COOSA 5G Oris orserecnarst eta = I Be NG a Srecectsisitare ae bare #50 fine iat Bish 
GOOULOO2 se -< ieee siete rarer 2 3 d J-U gi2 
FOR OOOO ae cies waco in ers I 3 d jJ-U 255 
FOOS ATS icc cares cme 2 Sp oat (Ree ch RA SA -418 
WOOO AOA arene ea aoe ioe) aes 2 3 d J-U 410 
KOO es 8 DRO ROU GA OE I 2 d CER Oa | Rae in eee ae 
FLOVAOLadie hiviase sae es I TMM Arar ess aie | oe aitere eters -464 
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TABLE VI—Continued 


a 


r No. Plates Intensity Group Multiplet arene eoN 
yh ei Che oe eto tly Caer I fies | acieerut oem eresl (Brora ic Boor .178 
HELO CO4D serait esau eat he 4 4 d J-U 946 
WE A2 OOO tera sellers eet I On Ihasevevare, seen lees ope eee .996 
TOA CAO = Mattesvee ere eee B 4 d -U 472 
U tsy Pic CICERO Le I 5 d eu 341 
2TO NOOO aid ample ee soos I 2 @ IAB ert orn, | Soereageee me .690 
PROD eh comnmcrno oc Gate I Pie Ui ictacrerae an. ou9) ieee er .670 
HAR) VOSS shee ects RLS 2 2 d eu 896 
BB Be TOO natavstseatan monase ie vee I 3 d K-U 764 
7 ZO Ze OOS sere easier ea I 3 d K-U 073 
WATT EL ast rs Sane I 2 d K-U 103 
HASO CATA Trrecace ro eee 4 4 d K-U 423 
ATTA TGA raters etre ee 4 3 d K-U 184 
WAL RSV OO si arct-ve aera ores oie 3 3 d K-U 778 
WAQSSOGA:. afactccs ss Gara were 4 3 d K-U 092 
POET ROAD harcts op anicreiehenie 4 4 d K-U .047 
WERT A TOR waraacte ela om ore I 2 d L-f .178 
WEBO.OASaa on rea ne I 3 d L-f .050 


earlier ones, some supplementary results for the deep red are given 
in Table VI. These wave-lengths were obtained in terms of the neon 
standards, but from a Pfund arc shorter than the new international 
arc, and therefore presumably exhibit pole effect in some degree. 
They are given here because low intensity makes the measurement 
of such lines in the specified arc very difficult, and because the results 
are of some value for comparison with those of other observers. 
The last column of the table contains the wave-length found by 
Meggers and Kiess‘ in a 6-mm, 6-amp arc; the intensities are from 
their paper. The group designation for some of the lines has been 
deduced from unpublished observations which permit a reliable cal- 
culation of the pressure effect for many multiplets of iron. 

For the lines marked a or b in Table VI there is no systematic 
difference between the wave-lengths in the first and last columns. 
For the d lines my results are systematically less than those of 
Meggers and Kiess, the mean difference being 0.007 A. For unclassi- 
fied lines, some of which are known from other observations to be- 
long to the stable groups, the difference is intermediate. Such a com- 


* Scientific Papers of the Bureau of Standards, 19, 273 (No. 479), 1924. 
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parison illustrates the difference in the arcs from which the two lists 
of wave-lengths were obtained. If the arc which I used had con- 
formed to the specifications adopted for producing secondary stand- 
ards, the differences noted above would have been greater. This 
table emphasizes the unfortunate fact that most of the stronger 
infra-red iron lines are unsuitable for use as standards of wave-length. 

To Mrs. Thome, neé Keener, who measured a few of the photo- 
graphs discussed in this paper, and to Mr. W. P. Hoge, who carried 
out nearly all the reductions as well as a large part of the measure- 
ment, my hearty thanks are extended. I am also indebted to Pro- 
fessor Russell and Miss Moore for access to unpublished data on the 
classification of iron lines. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILson OBSERVATORY 
August 1927 
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THE ARC AND SPARK SPECTRA OF 
TITANIUM 


PART I. THE SPARK SPECTRUM, Ti 1 
By HENRY NORRIS RUSSELL* 


ABSTRACT FOR PART I 


A detailed analysis of the titanium spectrum aided by much unpublished material 
generously supplied by colleagues has led to the classification of practically all the lines 
except the weakest. 

The spark spectrum includes doublet and quartet terms; 33 doublet and 17 quartet 
terms have been identified. Their combinations give 164 multiplets, including 529 ob- 
served lines. The lowest energy-level belongs toa4F’ term. A second 4F’ term is 0.1 volt 
higher, and a ?F’ term, o.5 volt above this. 

Tables of the terms are given and also of the classified lines, including the few lines 
of any strength which remain unclassified. 

The temperature classification of the lines shows the usual close relation to their 
levels of origin. 

The Zeeman effect is in good agreement with Landé’s theory. Tables of the ob- 
served and computed patterns are given. 

The electronic configurations in the atom which give rise to the various terms have 
been identified with the aid of Hund’s theory. The agreement of theory and observa- 
tion is complete. The complexity of the spectrum is explained by the numerous possible 
spatial orientations of the orbits of the three spectroscopically active electrons. 

Three series of two members each have been identified. They indicate an zonization 
potential of 13.6 volts. 

Comparison of the spectra of Ti 11 and Sc 1 shows that Moseley’s law is closely satis- 
fied and confirms the theoretical interpretation of both. 


I. INTRODUCTION 

The spectrum of titanium is typical of those of the heavier ele- 
ments as regards its apparent complexity—the lines are very numer- 
ous in both the arc and spark spectra, and no conspicuous series 
exist. 

The first analysis of the arc spectrum was published by Dr. and 
Mrs. Kiess,? who classified about four hundred lines in multiplets 
belonging to triplet and quintet systems and indicated the probable 
existence of a singlet system. Shortly afterward Frl. Gieseler and 


t Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 

2C. C. and H. H. Kiess, Proceedings of the Washington Academy of Sciences, 13, 
270, 1923; Journal of the Optical Society of America, 8, 607, 1924. 
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Dr. Grotriant published an account of independent investigations, 
which in general confirmed the results of the authors first named, 
and showed by absorption observations that the normal state of the 
atom corresponds to a 3F term. 

The work of the present writer was begun at about the same time 
as that of the other investigators, without knowledge of the work of 
either. When it was learned later that Dr. and Mrs. Kiess were also 
in the field, publication was deliberately delayed until after their re- 
sults were presented and attention was given to making the present 
analysis as complete as possible. 

A similar analysis of the spark spectrum, begun a little later, has 
likewise been carried approximately to completion. The only previ- 
ous investigation known to the writer is a brief note by N. K. Sur.” 
Still later the analysis has been extended to higher degrees of ioniza- 
tion, 77 ut and 77 1v. This has been a long task—particularly since 
experience has shown that the best road to success in the analysis 
of a complicated spectrum is to drop the work when no further im- 
mediate results are forthcoming and to take it up again after a 
month or two, when new terms have almost always been found. It 
is probable that, even now, more remains that could be unraveled, 
but since all the lines of any strength have been classified (except a 
few in the extreme ultra-violet), the two main purposes of the in- 
vestigation have been met. These were to provide the data neces- 
sary for the astrophysical interpretation of the behavior of titanium 
lines in the spectra of the sun and stars and to determine how com- 
pletely the methods of multiplet analysis on the principles intro- 
duced by Sommerfeld and Landé are able to account for these rich 
and complex spectra. During the progress of the work, the theory of 
spectral structure has been developed by Heisenberg, Pauli, and 
Hund, and may be applied to the results of the term analysis. 

It may be said at once that the confirmation of theory by ob- 
servation is extremely satisfactory. Practically all the titanium lines 
of any importance have been referred to transitions between definite 
energy-levels in the atom in one or the other of its states of ioniza- 
tion; these levels may be grouped into multiple terms satisfying the 

t Zeitschrift fiir Physik, 25, 342, 1924. 


2 Nature, 114, 611, 1924. 
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well-known rules; and Hund’s theory gives a satisfactory account 
of the origin of these terms in electron configurations within the 
atom. 

A few of the multiplets found in the writer’s work upon 7i 1 
have been published in detail,’ and a summary account of the classi- 
fication of 317 lines of 77 1 and 121 of 77 1 (including all the stronger 
ones with wave-lengths exceeding 3000 A) is found in his “‘List of 
Ultimate and Penultimate Lines.’ 

The analysis of 77 mr and 77 tv has recently been published by 
the writer and Professor R. J. Lang. The present communication, 
which gives full details for 77 1 and 77 11, completes the presentation. 


2. THE OBSERVATIONS 


The observations of the arc and spark spectra upon which the 
present work is based have been derived from many sources. The 
main reliance for the wave-lengths was originally upon Kilby’s* 
measures, extended toward the red by those of Kiess and Meggers® 
and supplemented as regards the fainter lines by the invaluable 
tables of Exner and Haschek.° The later precise measures of Crew? 
have also been utilized, and additional lines have been taken from 
observations of R. J. Lang® and other observers. The intensities and 
temperature classes determined by King? have been of fundamental 
importance in the analysis, as has also the observed behavior of 
the lines in the sun-spot spectrum. King’s observations of the 
Zeeman effect™’ have also been freely employed. 

In addition to these published data, much valuable material 


t Meggers, Kiess, and Walters, Journal of the Optical Society of America, 9, 363-364, 
1924. 

2 Mt. Wilson Contr., No. 286; Astrophysical Journal, 61, 247-257, 1925. 

3 Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 13, 1927. 

4 Astrophysical Journal, 30, 243, 1909. 

5 Scientific Papers of the Bureau of Standards, 16, 54 (No. 372), 1920. 

6 Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 

7 Astrophysical Journal, 60, 108, 1924. 

8 Private communication. 


9 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914; Mt. Wilson 
Contr., No. 274; Astrophysical Journal, 59, 155, 1924. 


10 Publications of the Carnegie Institution of Washington, No. 153, 35, 1912. 
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has been derived from unpublished sources. Measures of additional 
lines in the infra-red and ultra-violet made at the Bureau of Stand- 
ards have been generously communicated by Dr. Kiess; and a plate 
of the spark spectrum in the extreme ultra-violet was taken for the 
writer by Professor Shenstone at Princeton with a large quartz 
spectrograph. The most valuable aid of all came from the writer’s 
colleagues at this observatory. 

A series of contact prints and enlargements of the furnace, arc, 
and spark spectra of the metal, prepared for the writer by Mr. A. S. 
King, and covering the whole range from \ 8800 to \ 2150, have 
proved of very great aid throughout the work; and many new lines 
have been measured upon these, or upon King’s original negatives. 
Unpublished measures of the Zeeman effect made by Mr. Babcock 
for the purpose have also been of much service. 

Hearty acknowledgments are made to all those mentioned above 
for their generous aid; and likewise to Miss Charlotte E. Moore for 
very valuable help in preparing the material for publication. 


3. STRUCTURE OF THE SPARK SPECTRUM, Ti II—LIST OF TERMS 


It is of advantage to discuss the spark spectrum first, both be- 
cause it is simpler and because a knowledge of it is necessary in 
interpreting certain features of the arc spectrum. 

The most conspicuous spectral feature of the titanium spark is a 
great mass of strong lines in the near ultra-violet. Enhanced lines 
appear also in the visible region, though there are very few in the 
yellow and red. These are but faintly present in the arc, but many 
of the ultra-violet lines are strong lines there, and some appear in 
the furnace, even at moderate temperatures, and so fall into King’s 
class III. These lines are numerous between \ 3000 and \ 3400. A 
pair at AA 3759, 3761 and an isolated line at \ 3685 are also note- 
worthy. One line at \ 3349.41 is placed in class II and is the strong- 
est rate ultime of the ionized atom. These persistent lines are heavily 
reversed in the spark, some symmetrically, while others are widened 
toward the red. The strongest of these are very conspicuous in the 
flash spectrum and rise to great heights in the chromosphere and 
even in the prominences. 

On beginning the analysis it was found that the strongest sym- 


338 


ARC AND SPARK SPECTRA OF Ti. PART I 5 


metrically reversed lines, including the razes ultimes, belong to 
multiplets arising from transitions from a 4F’ term to a triad of D’, 
F, and G’ terms of the quartet system. A second 4F’ term, less than 
1000 units higher, combines with the same triad, giving those lines 
which are unsymmetrically reversed in the spark. Two 4P’ terms 
close together were found later, which combine with the 4D’ term 
already mentioned to give multiplets in the violet, and with a new 
triad 4S’ 4P 4D’, giving strong groups in the region \ 3100-\ 3300. 

Numerous doublet terms are also present. A start in analyzing 
these was obtained by the Zeeman effect, which led to the identifica- 
tion of skew-symmetrical groups of types DD’, etc. It soon appeared 
that there is an important term with frequency separation 269.0, 
but the various combinations appeared to be inconsistent, some indi- 
cating that this was an F and others that it was a D term. The 
puzzle was solved by the recognition that there are two doublet 
terms with just this separation. The *F’ term is the lowest in the 
doublet system and combines with a higher ?F term to give the 
strong lines at AX 3759, 3761. Its combination with the ?D’ term of 
identical separation (whose relative value was fixed by other com- 
binations) led exactly to the very strong isolated line at \ 3685, 
which was thus found not to be a singlet, which would have no 
excuse for existence in a spectrum of even multiplicity, but an unre- 
solvably close pair. The separation of this pair as calculated from 
the known separations of the terms involved can hardly exceed 
0.002 A, and may be much less. 

Many other doublet terms of all types from *S to 7H were found, 
the combinations between these accounting for most of the out- 
standing strong lines. Numerous intercombinations between the 
doublet and quartet systems were also detected, and served to prove 
that the two 4F’ terms are the lowest in the whole scheme, and the 
?F’ term the next. 

A great many strong lines remaining in the region \ 3000-A 2600 
are hazy, but not reversed, in the spark, and appear faintly, if at 
all, in the arc. The most conspicuous of these were identified as 
combinations between the terms of the triad 4D’, 4F, 4G’ and still 
higher terms of types 4D, 4F’, 4G, 4H’; and most of the rest, as similar 
combinations in the doublet system. Finally, several very high- 
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TABLE I 
Ti 11, TERMS AND COMBINATIONS 
Type Term Combinations Type Term Combinations 
a?Sz. ..| 21338.00 | aS’ a®P cP atP a?G;...| 9118.15 | a7D’ b?D’ 2F b?F a?G’ 
2 4 98 13 120.46|35 8r 24 88 42 
a?G,...| 8997.69 | b?G’ aH atF asG’ 
a2Pi...| 0075.02 | 22S’ aP b?P 22D’ b2D’ Tote 13/7 ee 23 ed 
T2502, 52, 70 £29 10) 100 
a*Pj...| 9850.90 | c?D’ a?F oe CF atP || bG,...| 15257.53 | bE @F dF aG’ bG’ 
Wee 1) See OL —8.07| 41 104 155 8 61 
asD’ biD’ b?Gy...| 15265.60 | a?H 
29 «= «84 80 
2p! 2G/ 2 2 2 2T)’ 
Diese elpr0025.254| A750 22b bP ek 7a2b) c?G;...| 67820.87 | a&F aG’ 
109.46 |14 33 64 136 2 Saat 
beP...| 16515.79 | b'D’ cD’ d#D’ PRR heat ced Nace. a 
Le c?G,.. .| 67604. 20 
aD;...| 8744.27 | 2S’ a@P bP aD’ beD’ a?H6...| 12774.81 | b?F a?G’ b?G’ a?H 
33.80 | 63 W386) 84. 82 > 97.82 | 51 22 90 109 
aD...| 8710.47 | @D’ @D! @F bE ck || vHy...| 12676.99 
135 157 28 92 143 
asS’ a4P bsP asD’ biD’ || b?H6. .| 68582.34 | a2G’ 
94. 112 161 37 99 253-39 | 113 
c{D’ a4F asG’ b?Hf. .| 68328.95 
154 25 15 
4P/. 8 4S’ a4 4 4D’ biéD’ 
Db ccartox | ee PP wD Den oe ee eee 
129.38 | 47 108 7 45. 103 a4Ph. 9395 3 aie ae’ ae Pep aD! 
b?D,. .| 12628.77 | d?D’ aF b’?F c?F asd’ 32.05|18 57 8 134 27 
Mea 5 59 122 Io aiPf, 0363.71 | b?D’ cD’ a?F 
. Gee  aipked Fe 
54 
c*D...| 25193.04 | bP cP cD’ dD’ eD’ || b'P...| 10024.74 | atS’ afP béP atD’ béD! 
227700 Tt es) 1G eSOnmeESO 94.00 | 76 102 159 30 79 
cD....| 24961.34 | b*F @F a@F @F ciD’ || biP2...) 9930.74 | ctD’ a?S’ a?P aD’ bD’ 
I 26 «6118 158 57107 9256) 53 OO une EROS, 
oP AP Wl iupy | Sage ey | ak 
a7Fi...| 4897.60 | a2P a?D’ b?D’ @D’ dD’ 16 
268.99 | 125 48 120 150 163 
a?Fj...| 4628.61 | a?2F b?F a?G’ b?G’ a4sD’ atD,...| 66996.67 | atF 
44. 126 71 146 55 58.97 | 130 
bsD" ctD! asF  atG a4D3...| 66937. 70 
131 162 43 40 121.21 
b°F;...| 20891.88 | bkP cD! BF cF pb! || “De aire 
—59.8 8 6 6 2 : 
Ne aie Re: Ca atDx...| 66767.43? 
C?F4...| 63444.76 | aD’ a?F a?G’ a4Fs, 393.22 | a4D’ biD’ c4D’ atF atG’ 
| 270.53} 95 100 62 107,75 | LOO m 150 RlO4m OS amOS 
CFS...) 63168. 23 ask. 225.47 | a2D’ b?D’ aF b?F a?G’ 
Tis Tee I 89 + 
@PF;...| 65458.65 | aD! fF atF at. rik iia ee le 
145.94 | III II5 117 ; 
d?FY...| 65312. 71 | asf). ae 
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TABLE I—Continued 


Type Term Combinations 
bi{FE...| 1215.58 | a4D’ b4D’ a4F atG’ a?D’ 
128.37 |96 148 74 60 86 
béFi...| 1087.21 | b?7D’ v@F b?F 
103.41 | 142 77 144 
biFi...} ° 983.80 
75.84 
biFZ...| 907.96 
CAF’... .| 62594.27 | a4D’ asF atG’ 
184.09 | 72 91 105 
c4F 4. ..| 62409.58 
138.33 
GY, ..|| 62271 .25 
OI .23 
c4F 3... .| 62180.02 
d4Fs...| 69081.35 | a4D’ b4D’ asF asG’ 
130.96 | 133 67 4% 145 
d4F 4...) 68950.39 
105.25 
d4Fi...| 68845 .14 
77-48 
d4Fs...| 68767.66 
a4Ge...| 65241.60 | a4F asG’ 
Tey ene || weg Rye 
aiGs...| 65094. 29 
I16.72 
aiG,...| 64077.57 
92.92 
aiG.. .| 64884.65 
a4H}...| 65589.10 | a4F a4G’ 
143.25 | 110 127 
atHé...| 65445.85 
138.40 
atH{...| 65307.45 
122273 
a4Hj...| 65184. 72 
EASE aol) Byvigeacin Pec) Ee [ey eb) 7a Ios 
Sy neta 03, 957 
bP’ 
53 
2#2P,...| 39602.90 | a29S_ «a?P’ b?P’ aD b*D 
SHitoifh leh 7 BRR Sy ey 
a?P;...| 39674.64 | a2F’ a4P’ béP’ 
L259 975)  =00 
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PORODELoO MOA LSON LOS Cit 
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ARE, y | 
Term Combinations 
RapeSer 7 ieass a babes) 
6.69 | 98 136 56 
53121.48 
32025.50 | a2P’ b?P’ a?D b?D a?F’ 
269.00 |19 2 BAR 48 
31756.50 | CE’ d?k’ a2?G asp’ bip’ 
OsME Tit Spe? yee 
atk’ bsF’ 
97 86 
39476.87 | a2P’ b?P’ aD b?D atk’ 
243-43 |-00) St 82) ease 6120 
30233.44 | a2G asP’ biP’ asF’ Dik’ 
Sim 73 O58 tay Trac 
44902.42 | a2P’ b?P’ a2D b?D cD 
—I2.38 | 124 58 135 103 9 
44914.80 | a?” b?F’ aiP’ 
150 38 128 
53554.90 | b?P’ aD b?D cD ak’ 
—41.80 | 139 157 152 59 163 
53596. 70 
69622.15 | 2D 
2904.83 | 156 
69327 .32 
31490.82 | a?P’ a2D b?D a?F’ c?F’ 
S03235) || T7oeeoe nS 44 100 
31207.44 | d?F’ a2G c?G asP’ béP’ 
‘his, OV RR lee Gi) 
atk’ bsF’ 
89 77 
40074.71 | a2P’ a2D b?D cD a?F’ 
TAT. SO 7 OZ eS Omeee 126 
39926.83 | b?F’ a?G b?G a?H’ ask’ 
6 CoAT ast EA 
bik’ 
144 
47466.80 | a2P’ aD b?D cD b?F’ 
—158.37 | 140 143 122 26 46 
47625.17 | b?G 
104 
59467.81 | 2D b?G 
146.02 | 118 155 
$9321.79 
70893 .00 | c?D 
286.65 | 158 
70606.35 
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TABLE I—Continued 


Type Term Combinations Type Term Combinations 
a2Gl...| 34748.50 | aE’ CF’ vG bG ¢&G b4Dj...| 40798.37 | a4P’ b4P’ atF’ bik’ 
FOB Ugfite « (OR Ag eh IIo 216.57 93° 79 IST 148 
a?Gi...| 34543.36 | a2H’ b?H’ atF’ b#Di...| 40581.80 | a2P’ a2D b?D a?F 
22 13 i190 156.00 | 84 99 54 £131 
b4D4...| 40425.80 
b?Gi...| 43780.99 | a2F’ b?F’ aG b’G a?H’ 05.55 
40.22 |146 32 122 61 90 b{DL.. .| 40330. 25 
b?G4.. .| 43749.77 
a*He...| 45908.56 | a’G b*G aH’ c{Dj...| 52631.07 | b‘P’ afF’ aD cD 
ee or ar ee ce 159.59 | 153 164 154 49 
a?Hs...| 45673.75 c!Dj...| 52471.48 
asSi...| 40027.28 | asP’ bP’ a?D nie ks 
cD}... .| 52458.98 
Rn et : 129.20 
a4P;...| 42208.84 | a4P’ biP’ a2S a?P’ a?D || c4Dt...| 52329.78 
130.09'| 107, 102. I3 101 112 
ee meee asFs...| 31300.92 | a4P’ a4D atk’ DAF’ 
i 187.35 | 18 130 8 74 
Bea) SOUT IA Ey! eee og ask’ aiG aH! aD 
b4P;.. .| 56325.94 | atP’ biP’ a?D T5400 | TAL sold elLOw 25 
76.83 | 160 159 161 asF;...| 30958.70 | d?F’ a?G 
b4P,.. .| 56249.11 Teen Tou sty es 
25.98 asF2...| 30836.52 
bsP,; 56223.13 
a4Dj...| 32767.02 | a4P’ bsP’ atk’ bik’ céF’ || a4Gé...| 30240.68 | atF’ bik’ cik’ dé’ 
69.08 | 36 30 106 96 72 272.00 |68 60 105 145 
a4Dj...| 32697.94 | d4F’ a?P’ a?D b?D a?F’ || asGi...| 29968.08 | a4H’ a2D a?k’ a?G 
95-43 | 133 29 37 10 55 233.03 | 127 15 40 12 
a4D}...| 32602. 51 as4Gi.. .| 29734.45 
70.13 | 190.08 
afDt.. .| 32532.38 asG}.. .| 29544.37 


lying terms were discovered, which combine with the low terms first 
mentioned to give multiplets occurring between 2450 and \ 1906, 
the shortest wave-length observed. 

In all, 33 doublet terms and 17 quartet terms have been identi- 
fied. They are listed in Table I. The term values are counted up- 
ward from the lowest energy-level, a‘F’, those of all the other terms 
being fixed by various combinations. The letters “a,” “‘b,” “c,” are 
used simply to label the various terms of the same type and have 
no theoretical significance. 

The combinations which have been observed between these 
terms are listed in Table I. They give rise in all to 87 multiplets be- 
longing to the doublet system, 33 of the quartet system, and 44 inter- 
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combinations—164 in all. To facilitate reference, the numbers which 
have been assigned to the multiplets in Table II are inserted below 
the combinations in Table I; thus the combination a?S—a?S’ 
gives multiplet number 3. It may be remarked that no less than 14 
of these multiplets involve combinations between terms which 
differ by two units in the apparent azimuthal quantum number 
(Hund’s L)—for example, a?G—b?D’. Such transitions are quite 
possible in the more complex spectra, but usually give faint lines. 
Figures 1 and 2 represent the relations of these terms. Owing to the 
complexity of the spectrum, the doublet and quartet terms are 
shown in separate diagrams. Those doublet terms, however, which 
combine with higher-lying quartet terms, are plotted on the quartet 
diagram, and vice versa, and the observed intercombinations are 
indicated by dotted lines. 


4. TABLE OF LINES OF 77% II 


To give all these multiplets in the conventional form would 
occupy far too much space, and it may suffice to list all the lines of 
Ti 1 in order of wave-length, and give the designations for those 
which have been classified. This is done in Table II. The first col- 
umn indicates the source from which the wave-length is taken, the 
notation being explained at the end of the table; the second, the 
observed wave-length; and the third, the excess of this, in hun- 
dredths of an angstrom, above that computed from the term values 
of Table I. In the fourth and fifth columns are found the intensities 
of the lines in the arc and the condensed spark. As the previous 
data were very far from homogeneous, the intensities in the spark 
have been estimated anew on a uniform scale, upon original plates 
and enlargements of the spectrum of the condensed spark. Esti- 
mates of selected lines of all degrees of intensity, sufficient to fix the 
scale, were made by Mr. King, and, with these as standards, the re- 
mainder were observed by Miss Moore. These estimates represent 
the observable photographic intensity, and the values therefore tend 
to be low for the long and short wave-lengths. Lines barely visible 
on the plates are denoted by “‘tr.’’ For lines which could not be 
seen there at all, the estimates of Exner and Haschek or, when 
necessary, of other observers, are entered in parentheses. The lines 
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for which the intensity is thus bracketed are faint, except for wave- 
lengths less than 2400 A, for which the concave grating is at a dis- 
advantage. The sixth column gives King’s temperature classification, 
when available. The letter ‘‘r’”’ denotes a line which is reversed in 
the spectrum of the condensed spark while ‘‘u”’ is added if the reversal 
is unsymmetrical. The seventh column contains the wave number 
in vacuo, v, and the eighth, the identification of those lines which 
have been classified. 

To facilitate identification of the various multiplets, the last 
column has been added. In this the multiplets are numbered in 
order of their position in the spectrum—that containing the first line 
on the list is numbered 1, and all other lines in this multiplet receive 
the same number, and so on. 

All lines which are known to belong to the spectrum of 77 11 and 
are of intensity greater than 3 on the scale here adopted, or 2 on 
Exner and Haschek’s scale, are included in the table, and also all 
the fainter lines which have been classified. The unclassified lines 
are recognizable by the blanks in the last two columns. They num- 
ber 31, and the strongest is of intensity 30, while the classified lines 
number 529, and run up to intensity 250. 

There are many other faint unclassified lines which have been 
attributed to 77 m and in many cases probably belong to this spec- 
trum. They may be found in tables in Kayser’s Handbuch. 


5. TEMPERATURE CLASSIFICATION 


The relation between the temperature class and the level of 
origin is fully as conspicuous for enhanced lines as for the arc lines. 
This is very well illustrated by Table IT. 

Beginning with the lowest energy-level, a‘F’, all the stronger 
lines which originate (in absorption) in this level are of temperature 
class I1Ir (heavily reversed in the spark) and appear in the furnace 
at a temperature of about 2250°,1 while the strongest line of all 
appears at 2000° and is of class II. Even the weakest lines in these 
multiplets, and many of the intersystem combinations originating 
in this level, appear in the furnace at 2600°, and are placed in class 
IV. 


tA. S. King, Mt. Wilson Contr., No. 274; Astrophysical Journal, 59, 155, 1924. 
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Designation 
152 cD;—b?F, 
A 36 cD,—b*F; 
68 | b?Pi—a?Di 
08 | b?P2—a?D; 
68 | a?S,—a?St 
73.) a?S:—a?P. 
74 a?S,;—a?P, 
. 26 b?D;—a?F; 
.69 | b?D.—a?F; 
. 7O b?D,—a?F, 
.or | b?F{—b?F, 
.41 | b*?D;—a?Di 
.73 | b?D2—a?Di 
«fa b’Fi—b?F, 
.30 | b?D;—a?D} 
.70 | b?G,—a?Gj 
.78 | b?Gs—a?Gj 
. 76 b?D,—a?D} 
.92 | b?Gs;—a?Gt 
.44 | c?7D3;—c?D} 
.8r | ?D;—eD2 
Z 85 b?D,—a4D} 
-70 | C?D.—c?Di 
.0O0 c?D;—b?P, 
. 53 c?D,—b?P; 
.64 | a?G,—asG} 
.74 | a?S;—a4P, 
.38 | b?Pi—a?St 
.96 | a?7D,—a4G} 
.71 | b?Pi—a?S{ 
.29 | a?D;—ai4G} 
-74 | biPj—aF, 
.59 | a?Pi—a?F, 
.14 | b4iPj—a?F, 
.72 | a4Pi—a4‘F, 
.60 | a?Pi—a?Di 
.59 | a4Pi—a?F, 
.78 | b4Pi—a?7Di 
.26 | a?H{—a?Gi 
.87 | b4Pi—a?Di 
.60 | a?Pi—a?D; 
64 | a?Hé—a?Gé 
. 38 a#7G,—a4F, 
.85 | b4P{—a?D{ 
.57 | a?Pi—a?D} 
-54 | a?Hi—a?Gé 
.65 | b4P{—a?D} 
. 75 a?G,—a?F; 
os | a?D.—a‘4F; 
.84 | ?D3;—CF, 
.71 | a4Pi—a?D} 
.37 | aD,—a‘F, 
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TABLE Il—Continued 

some | Wad | o20| Ae. | Somel Cae. : Designation | Shey 
Ger tte 4468.49 o|] 25 5° Vv 22372.67 | a?G;—a’F, 24 
Oconee 4464.47 | — I 2 I V 22392.82 | a4P{—a?D3 27 
Sane 4450.62 Bu leaeece rel (rege ie 22432.20 | 3D,—CF, 26 
Gee 4450.49 fo) 4 Io V 22463.15 | a?7D,—a?F; 28 
Oe s 4444.56 ° I I V 22493.13 | a?G,—a’7F, 24 
Sha ose 4443.80 OU1n25 5° Vv 22490.97 | a?7D.—a’?F; 28 
Bie dinates BASS Te Wet ee Ol eys. cotta (Me leptin 22550.36 | a?Pi—a4D; | 29 
LOK AADTAOSa| te cal lemte. A TG Comme ict 22608.14 | b?P4—b?Di | 31 
TE eee 447.33 | — Er I I V 22626.65 | a?Ps—a4D; 20 
Oxy cctas AATTO7E. || => 2 8 40 Vv 22629.84 | a4Pi—a?D} 27 
Er oaern AATTO4 | Hb Balas GOD tear acu 22659.43 | b’Pi—a4D; | 30 
Ce a AAV TELO s|\ cpa a| canst TS ieee 22663.75 | c?D.—C?F; 26 
CON Sat ee AAOGR5 3. le moak "| eters Been eae ea oe 22671.82 | b4Pi—a4D2 30 
Canes BAGO 23) "| ——" So |e oe CLT ee ore 22673.36 | b4éP{—a4D{ | 30 
One ore AAOT LOS | aie oso eranes Tey lene eas 22681.32 | a*P{—a4Dt 29 
Oem ee 4399-77 | — 2 6 a5 V 22722.10 | a?Pi—a4D3 29 
3 ay 4398.31 Oblenceiree (oxi) 0a | enenersa 22729.65 | b4Pi{—a4Di | 30 
Oonn mioe 4395.86 ° I 2 V 22742.30 | b4P{—a4Dj{ | 30 
OSes 4395.04 Ol} OG 60 V 22746.55 | a?D,—a?F, 28 
1 Raye 4394.00 ° 2 2 V 22751.63 | a?P{—a4D} 20 
TL teh ice wy A20T O24 st Nee ee (39 Gh Saher 5° 22767.39 | b4P{—a4D{ | 30 
2h PA ay Py 4386.84 | — Z| ie. ca. TO) ieee tunes 22789.07 | b?F{—b?G} 32 
Lire Sree Mee Flore (te ate ee ae ity a ee re cit 22851.68 | b?P{—b?D{ | 31 
Rie chars 4367.67 fo) I 15 Vv 22889.09 | b?F{—b?Gi | 32 
se ere tee BSSO5 O35 emt Heme 1g he yeanie 22977.68 | b?Pi{—a?P, 33 
rd pees 8 4344.31 | + 1 3 2 Vv 23012.17 | a?D;—a?D: 34 
Oped ene 4341.39 | + 3 2 I Vv 23027.65 | a?G,—a?D} 35 
Ose aeees 4337.92 | — I se) 50 V 23046.06 | a?D,—a?D} 34 
CAS odie ARBTEGE NA Bae as (Ga) Mees 23049.25 | b?Pi—a?P, 33 
EX eee 4330.71 ° I ° V 23084.44 | a4P{—a4D} 36 
Seer ASZOce se rte Ars | anniters Oat lesa 23086.89 | b?P{—a?P.2 BG 
Ones 4320.95 | + I I I Vv 231360.58 | a4Pi—a4Di | 36 
TT eoiare.s AZTO. SON lente erateres. Ee) | santo sence 23158.81 | b?P{—a?P, 33 
tT ere 4314.98 | + 1 5 40 Vv 23168.59 | a4Pi—a4Di | 36 
Oar, some 4312.88 | + 1 7 35 V 23179.86 | a4P{—asD} 36 
OBA aes 4307.89 | + 1 12 40 Vv 23200.72 | a4Pi—a4Di | 36 
Ss Cee eocle 4301.93 | — I 5 15 V 23238.87 | a4Pi—a4D} 36 
Spee 4300.05 | — I 12 60 V 23249.02 | a4P§—a4Di | 36 
Oriana 4294.10 fo) 8 40 Vv 23281.24 | a?D;—a?D} 34 
Osh arvat A200 235 | — or 8 50 V 23302.24 | a4Pi—a4Dj | 36 
ET iiacon 4287.88 fo) 2 2 Vv 23315.01 | a?7D,—a?D} 34 
Wore ALOO 220: |e 4 lene ee 6) aes 23858.01 | a®D,—a4Di | 37 
s hanaceis vate ALS At aoe |eate od | are means On iig erases 23891.98 | a?7D,—a4D} 37 
3. 4173-55 ° 3 I iv 23953-69 | a*D3;—a4D} | 37 
OMe acre 4171.91 | — I 5 30 V 23963.11 | b?F{—c4D} 38 
oe ea 4163.65 | — 2 8 40 V 24010.64 | b?F{—c?D$ 38 
5a eae bee 4161.54 | — 1 2 I Vv 24022.81 | a?7D,—a4D} ay 
ae) ae 4064.40 | + 3 ]...... (ty | Pare 24590.96 | b?Fi—b?P, 39 
eee Paes AOSO@20. 1% 4-1. |e eye (x) hl eee 24646.68 | a?Fi{—a4G} 40 
Osea ae 4053.84 | + 3 4 3 Vv 24661.03 | b?G,—b?F, 41 
Dict deter 4028.35 | + 2 5 7 Vv 24817.07 | b*?G;—b?F, 41 
oe Rete 4025.13 | — I 4 2 V 24836.93 | a?F4—a4G4 40 
Oe eae 4012.40 | + 1 10 4 V 24915.72 | a?F{/—aiG} 40 
SOE 3982.01 Coal | Sea theless, 25105.87 | a?F{—a4Gi | 4o 
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Obs. d A Int. -] Int. | T 

Source Gye Oe chen \ispack |. Class 
Guakeebers BOGAO2) ete outa an i eee, ee 
et 3013.45 | — I 18 60 Vv 
Gann See 3900.53 | + I 20 70 V 

ie SaMiswe 3830.10 | + 5 I I V 
CANA Ae SOLAGSV! eto Ed lee esc APA Sec ee 
Oiaereh his 3813.39 | + 1 2 2 IV? 
ars estes 3799.78 O} lEnrscnees LEW eee 
2 ai seta 2700.05 |e 2a baane ae OTs |\eiee ices 
Biss aerate 3779.04 Ones « Onan erase 
Linnie 3770.40 | + 2]...... Ac) | eaten, oe 
Clone 37 AR OOM ie 28 | oe a aul eae aie c 
OM eres 3761.33 o |] 40 | 200 IVr 
(Oe ron 3759.30 | + I 40 200 IVr 
Ci aeeariee 3757.08 ° 8 30 WN 

i na ears B7AS A OT) || expe el see aes ute ed ere eae 
Biren te cae 3741.63 ° 8 50 Vru 
UN Ta 3739-5 EL Ol a esas TEMG dace 
ip Peeenetey S724 OO) i-th se gi Ty Alec s 
Bris a aa 3723.60 ON ia tras Si OE Gilby ake «ae 
OA nee 3721.64 | — I 8 15 V 
Oe 3700.22 | + 2 3 20 V 

Eis eae BOGOms or | estamiee beeen (ir) eter ee. 
Chea es 3685.19 2 7} 40 | 250 | IVr 
OR ais BOOO..SONl tease Irae (OU) are etree 
Gee iiencts 3062.22 ° 4 40 V 

Ofer ict oat S050 758 tae 4 60 V 
Omceries 3648.87 | — 3 ]...... (CO) Bee ee 
Giri cer 3641.33 | — I Io 100 Vv 
Bn. Bi 3627.70 | — 2 hee... (a) S| einer © 
Olnenranae 3624.84 | + 1 70 Vv 
Bee ence BEOOws Suluaten 7 illerseer CED | aesyeea vive 
Onreriaen 3596.05 | — I Io 60 Vv 

Leo aan BOSE) (tary Yess. ial Pee ae 
Oberon 3587.13 | — I 4 12 Vv 
enor 3578.70 Obl ee (o)aleates = 
Oa ee Bie One yal eas Aull eects (OW) \Pemece 
Tega bahay OFS 2h |) ee 6 20 Vv 
Ceo 3566.00 | + 2 2 6 Vv 

UB Sept ay B5OS 33 fisted [nw os Be Betas ie 
ee eee 3500-02 \e=— I I V 
Bree sae 3561.50 ° 2 3 V 

LS) eras re 3535.40 | — I ate) 40 WV 
Theatr 28 BOS3205) [esa Saleeaee BW relere ers Gre 
Phe ike ioe BROA TOS | eee eres 40% il sere we 
Oe ciec o 3520.25 ° 8 20 Vi 
Omens ee BETS. OS) | tsa eee Loge (ae eee 
Oh on anee B5TOWOA | -- E Io 60 Vr 
Pie Sao. 3509.85 | + I I 3 V 
SS aeie BSOS LOM | tai lester Ere eset 
One sce 3504.89 ° 8 80 Vr 
Ogee @ 3500. 33 ° 4 2 IV 
Bireceicees 3492.5 ete) al eave Shea le Gee ge 
Gis cean 3491.05 | — I 8 to | IlIru 


28636. 


PARTIE 

Designation 

o5 | a?G;—a?Gj 
-70 | a?G,—a?Gi 
.30 | a?G;—a?Gf 
.77 | aFi—asF, 
.85 | aFi—as‘F, 
.97 | a?Fi—a4‘F, 
.86 | aFj—a?F, 
.96 | a?F{—aé4F, 
.27 | b?D,;—b?Di 
88 | b*Fi{—c?F, 
.0o7 | b?Fi—cC?F, 
.81 | a?Fi—a?F, 
16 | a?bi{—a7k, 
64 | b?D.,—b?D3 
27 bFi—c?F, 
.74 | b?D3;—b?D} 
.97 | b*Fi—c?F; 
.66 | b?D;—a?P, 
iz | b?D,—b?D} 
26 | a?Fj—aF, 
.02 | b?D,—a?P, 
.82 | b?D.—a?P; 


f aFi—a?D; 


94 |\ atFi—a2D4 
56 | c?D;—c4D} 
-09 b?D,—b?F; 
Fy 50 b?D, = b*F, 
.97 | #@Hi—b?F, 


-7o | at%Pi—a?Si 
.84 | b4Pi{—a?St 
.59 | a?Pi—a?Si 
.52 | b?D.—b4D} 
.38 | a?F{—a‘Dj 
-13 | b?D3;—b4D$ 
.51_|-a2F4—asD} 
-16 | ?D3;—c?P2 
.35 | b?D.—b4D} 
.08 | a?Fi—a4D} 
.64 | a4Ph—a2St 
.gt | b?D;—b4Dj 
.76 | a4Pi—a?St 
.36 | a?Fi—a4Di 
.28 | b?P{—c?D} 
.69 | b?P$—c?D3 
.92 | eD,—d?D} 
.97 | bePl—eDs 
.94 | biF{—a4G} 
og | b?G,—b?G4, 
13 | b?G;—b?G{ 
.13 | b?G,—b?Gé 
.43 | b?G;—b?Gé 
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Source °? rei ais ae 
O Sis moar 3480.74 fe) 4 
Bese tle SASSOON ta aot | aemare 
Openers 3480.89 fo) I 
Oto nose: SA 7a tons —a c I5 
Gries 3476.99 | + 2 2 
TQ eas 3465.58 | + 8 I 
Gras ore 3401-50. | —a 20 
Ogeinn ater BASOLOT) [P— eae lhe nets 
On: 3456.40 | + 1 
Bo. og ss 3452.42 | + 2 2 
Wid asiatevs 3444.31 o} I5 
Gea canis SAAB ea Op | lean | ae 
Bs caiavasac SACO IOON lea 6S. |Meat 
Oa ans 3416.95 ° 3 
Onernaiod BATAVOTs |lectasu latches 
Guo nes 3409.80 | + 1 5 
Pe art atts 3407.20 ° 4 
Ch aaeion BABA OOU ea aie. ae 
Giatnowkie BAOZ AZ|) aL 3 
Binladin S504. 57.) rit 35 
CR ate eee 3388.75 ° 2 
Gatien 3387.83 ° I5 
Ores a gee 3383.76 | — 1 40 
Ontos siete 3380.28 ° I5 
lite cat BayvOcO2nleta Lele 
etmautats 3374.34 ° 2 
rare rth 3372.80 fei [lye 
Orraccee 3372.20 ° 5 
OE 8S ttn ee 3200.67) | =t-cSate ens «> 
Cree racies 369.20 2 
(oh aaercte 3306.17 | — 1 5 
Cierepee SS0A6 COM cia kaa erie tete 
Brel evayctace BA02700) | aate 2a | ees 
OSF concciae 3301.22 o |} 40 
Dientere neve 3352.00 | — I r 
Bre a atthe BIEL GOs |e cer ete date 
NOOR BETO ime 22 [lc ort 
Oncaea: 3349.41 ° 40 
eer aes 3349.02 o| 20 
Osan ee, 3348.82 ° 5 
Oxo ree 3346.72 ° a 
One mere wte 3343.76 | + 2 6 
Sikes ae 3341.87 oO} 50 
Oe. 0seer 3340.33 ° 15 
Sere eeee 3337-19 05 2 
Bde lavere oe BAZOnOG) |e won lee. tera 
Oe caste 3335.19 | + 2 20 
Osis 3332.10 ° 8 
Oxer eee 3329.45 ° 20 
Ore 3326.76 | + 1 5 
Ostet acto 3322-93 | 4-5. ||| «20 
Oy arene 3321 .7O) | "== = 6 
Gea me 3319.08 Onset 
Seach tee 3318.01 | — I 8 


Temp. 
Class 


29025. 
29032. 
29208. 
20257. 
29282. 
29318. 
20341. 
29360. 
20382. 
29450. 
29500. 
29508. 
29544. 
20574: 
29578. 
29626. 
29640. 
20645. 
29068. 
29672. 
29608. 
29710. 
29729. 
29742. 
29823. 
29827. 
29837. 
29847. 
209850. 
20852. 
290871. 
29897. 
20914. 
29928. 
20951. 
29958. 
20974. 
30002. 
30026. 
30050. 
30085. 
30096. 
30120. 
30129. 


béF{—asGj 
ee 
a? 2 a? Ir 
b4Fi—aiGj 
b4F{—asG¢ 
b?Pi a b?Py; 
b4Fi—a4Gé 
race 
beP{—bP; 
Biya 
2 {— 2 2 
b4P§—b?D3 
a?P$—b?D3 
b4Di,—d4F¢ 
a4Fi—asG} 
a4 {—asGi 
b4P{—b?D$ 
a?P{—b?Ds 
a4li—aisG} 
a?Pi—b?D} 
a4F4i—asG) 
asF4—aiG} 
a4F.—asGt 
nee ee 
a?P£—a?P, 
a4FS—asG} 
a?Fi—a?Gi 
a4Di—c4F} 
b4P5—a?P, 
a?Pi—a?P, 
bPi—eP. 
1—a*b2 
a4F4i—asGs 
a?P! = a?P, 
a4Dji—c4Ff 
a4P3—b?D} 
a4FL—asG6 
a?F—a?Gi 
b4Fi—a4F, 
b4Fi—as4F, 
b4FL—as‘F, 
a?F'4—a?Gi 
PL br 
a2P4—b? P 
a4P3—b*D3 
biFi—asF; 
b4P{—aaS} 
b4Fi—asF, 
b4F,—a4F, 
b4F{—asF 
biP2—aaSs 
b4Fi—a?F, 
b4FS ame a‘F, 
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TABLE Il—Continued 


Obs. X A 5 : 3 4 : i- 
as Gee | ace | soe} cue ; Designation | Yet 

3315.32} +1 4 Io V 30154.35 | b4Pi—a4Si 76 
3308.79 | — 2 8 8 | IlIru | 30213.86 | b4Fj—a4F, 74 
3307.72 Ov} erimises tre he: 30223.64 | b4F{—a?F, vi | 
3300,04 | q-e2alee eos: EL) [Slee 30238.98 | a4P{—a?P, 78 
3302.09 | + 1 2 ° Vv 30275.16 | b4Fi—a?F, 77 
3208; 20"| t-te oe (Cola bee oct: 30310.87 | a4Pi—a?P; 78 
3288.58 ° 3 5 IV 30399.53 | b4P3—b4Di | 79 
3288.42 ° 2 ¥ V 30401.02 | b4P{—b4Di | 79 
3288.13 | — I 3 on | IV 30403.71 | b4Fi—a?F, 77 
3287.64 | — I Io 40 Vr 30408.24 | b?G,—a?H, | 80 
3286.78 O) |e Onsitistre ataers 30416.18 | b?G;—a?H; | 80 
3282.32 | — I 8 25 Vr 30457.51 | b4Pi—b4Di | 79 
3279.98 | + 1 3 4 Vv 30479.23 | a?Gy—b*Dj | 81 
3278.91 On lta re 35 Vr 30489.18 | a2D;—b?Di | 82 
3278.28 co} | aie) 30 Vr 30495.04 | b4PS—b4Di | 79 
BPH [Sxojs|| — tt | neta [Na lyme 30507.14 | b4F{—a?F, a7 
3276.76 | + 1 4 5 V 30509.18 | a4P{—a4S} 83 
3275.28 ° 2 ei Vv 30522.97 | a27D2—b*Di | 82 
3272.06 | — I Io 25 Vr 30553.01 | b4Pi—b4D} 79 
3271 ,63 o | I0 3 Vr 30557.02 | b4P§—b4D} |} 79 
BOOKS| eat 8S Alltec crore (sa ete 30574.59 | a?Pi{—b4Di} 84 
3260.41 Onleee ane Ge laren 30605.85 | a?Pi—b4Di | 84 
3263.68 As I 2 4 V 30631.44 ae, 83 

— i\ °G;5—a’Ho 80 
3261.59 a 25 60 Vr 30651.09 eae ¥9 
3260.26 ° 3 y= BUOE 30063.59 | a4Pi{—a4S 83 
3254.23 o | 20 eey | IN Bie 30720.41 | a4Fi—asF, 85 
3252.85 | — 2 25 40 | IIIr 30733-43 | a4Fi—a4sF, 85 
Be5tsoO) leat 20 30 (| Ilr 30742.51 | a4Fi—asF, 85 
3240-37 | + = 2 2 Vv 30766.34 | a27D.—b?D} 82 
3248.60 Oe ty oy || THRE 30773.63 | b4P§S—b4Di | 79 
3241.97 | — r | 40 60 | Ilr 30836.58 | a4Fi—asF, 85 
B2AOe Ts) | aie L) ccc ew Tet Nene foedicre 30848.48 | b4F{—a?D; 86 
3239.05 ° 8 30 Vr 30858.65 | a?7D;—a?P, 87 
8230.03 | /=- 27] 40 60 | Ilr 30864.56 | atFi{—asF, 85 
3230.5 7k ee 5° 7o | llr 30888.02 | a4Fi—a4F, | 85 
3230.10 |e er 8 20 Vr 30892.50 | a?7D.—a?P, 87 
6294/52) | = 11) 00 ee | Ur 30907.60 | a4F{—a4F, 85 
B28 2520) (eo 8 30 IVru | 30929.21 | a?G,—b’?F, 88 
2231.30 |= T 6 Ae eee 30938.40 | b4F{—a?D{ | 86 
3229.40 o | I0 Be Vru | 30956.59 | a?7G;—b?F, 88 
3229.18 Syl BaS Hisy |} (ui be 30958.70 | a4Fi—a4F; 85 
3228.59 2 Io 30 Vr 30964.37 | a?7D.—a?P; 87 
3326.76) | > 1 5 2 IV 30981.92 | a4F{—a?F, 89 
3224.23 a 8 35 Vru | 31006.23 | a#Hé—b?Gi | go 
2202502) \e— < I5 35 Ilr 31019.79 | a4Fi—a‘4F, 85 
BI20.AG) | 9—" 7 |e wc ‘ie eae 31042.34 | b4F{—a?D} 86 
3218.25 | — 8 25 IVru | 31063.84 | a?H{—b?Gj{ | go 
S20 704] — 2 I5 30 | Ilr 31075.52 | a4Fi—aéF, 85 
3214.76 ° 6 4 IV 31097.57 | a4F{—a?F, 89 
ROTAL EA | ee tan oes 5 a etc 31103.76 | a?H{—b?G{ | go 
Bate sO) |e) Peles 18 oe eae et 31108.88 | a4F;—c4F} gI 
eereieeeh |} tam = 8 5 awe 31113.25 | a4F{—avF; 89 
3208.6 = ey Sil la oni TDs ote 31157.27 | a4F,—céF gl 
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pouree Ta) | on re Sack Cae ‘ Deets er 
AE encase 3206.00 Quill saucers Ba alibees tots 31182.54 | a?D3;—b?F3 g2 
Opry cine 3203.42 | — 2 4 3 IV 31207.65 | a4Fi—a?F; 89 
Ohm ore 3202.52 | — I 12 40 Vr 31216.42 | a?7D.2—b?F; 92 
Obes tes 3197.51 ° 4 2 IV 31265.32 | a4Fi{—a?F, 89 
LDS aoe BTOS OOM cis lel heer Cima tsar tees 31280.20 | a4P{—b4D{ | 93 
Omer ee Gels he | ae a 2 3 Vv 31282.93 | a?D3—a‘4S; 94 
Ded aes BLOAT 7 @ | srartenee| oeeieens intdinnnooet CaO ALS Ino eon cane Tl loc coc 
BIS a cea BTOANS S|) a LO het Sieve ces 31294.29 | a4F;—c4FS QI 
oS aor BIOA OG) || Gaara aaa Giiifelltsnmava cc 31207.23 | a4h,—c#h, gI 
Bia oueee BQ TOZ OW || Ou Verctaleses AN learns 31312.71 | a4F3—c4F 4 ope 
LO kaeiar/ oe BLO 2520 eet-aelelecearene a (eae ce 31316.73 | a?D2.—a4S; 94 
Crs seioke. 3190.87 | + I 20 30 IVr 31330.39 | a27D;—b?F, 92 
Re shan BT OOS 21 | a oT soir ery Ci Romane 31343.04 | a4F.—c4FS or 
Td cat noone eNtey. kee) | mes 2 la SALE oe | ore ewe 31397.09 | a4Fi—a’F, 89 
a. STO2NC7 1A | eceerer en Only ereeyetorers 31412.09 | a?7Di—c? FS 95 
Bie eestor Gemowiseeyh I te PAN sain A Sits |aaieras 31419.50 | a?Di—c’F; 95 
ce ee ge: BTEO, 23m) Sy eres PNA hs Sean 31435.20 | a4F,—c4FY or 
CTR: © 8578.62) | — sea |h aan BT ay sayeraes 31451.12 | a4F3—c4FY gl 
Cee ar 3175.67 Bi |b cea PANG Bag A oe 31480.34 | a4F,—c4FS or 
Sore tee Chay psy ied erent ec laure 5 | eevee eer xe 2T488 5809 liane sess | ees 
Gare 3168.52 | + 1] 30 40 | IiIru | 31551.37 | b*F£—a4D4 | 96 
Bec ees STOASAQM seers | cine toh bee esetcben RUtay aloe bere oon oe nd GoOr 
Ome 3162.56 | — 1 25 35 | IlIru | 31610.82 | b4F{—a4D3 | 96 
Ore ee 3161.76 | — 1 20 30 | I[Iru | 31618.83 | b4F{—a4Di | 96 
Ome ween 3161.19 | — 1 20 25 | IiIru | 31624.53 | béFi—a4D{ | 096 
Gir Gee 3157.39 ° 2 2 IV 31662.59 |. a4F$—a?D; 07 
Oak actors 3155-65 | — 2 be) 12 IVru | 31680.05 | b4F4—a4Dj 96 
Oe cd 3154.18 | — 3 10 12 IVru | 31694.81 | b*Fi—a4Di | 96 
Ovens 3152.24 | — 2 12 15 TVru | 31714.31 | b4F{—a4D} 96 
6 3148.03 | — 2 ia 12 IV 31756.73 | a4FL—a?D) 97 
Ge Ree aeree 3145.38 On we. ae ° (V) 31783.48 | a?S:—c?P: 98 
Oahrecete 3144.72 ° 2 I Vv 31790.14 | a?S:—c?P, 98 
6 eee STAR aS Miner Io 10 IV 31799.94 | a4Fi—a?D} 07 
ERIC 2US0R7 51 ated | eer ee [2d ABE ee 31870.92 | a?7D2—b4Dj | 99 
Valine eaterecteye | Soe |i aye || iy IV 31931.39 | a4F{—a?D{ | 97 
OTE ae ee 3128.64 | + 4 8 ron] IV 31953.53 | a?F,—c?F{ | 100 
WA oa 3127.90 | — 3 5 ton} IV 31961.09 | a?F;—c?F4 | 100 
ere BT 22 STOR ecto eee t | \isseve Meares 32020.47 | a?Pi{—a4P, | 101 
Sonmonierct 3i2z (00) | ——s4r 2 I Vv 32025.60 | a4F,—a?D{ | 97 
Le eet 3119.80 ° 5 15 Vv 32044.07 | b4P{—a4P, | 102 
ct Oe BUISIOS fico ae leer Be Neve. crows 32053.83 | a27D3;—b4Dj, | 909 
Ces cee 3117.66 | — 1 8 20 V 32006.07 | b4Pj—a4P; | 102 
Ba BLES OOM An eet te Ti lense 32092.52 | a?Pi—a‘P, | tor 
Geen 3112.05 ° 3 be) Vv 32123.87 | b4Pi{—a4P; | 102 
7 re ete 3110.61 | + 4 4 20 IV 32138.74 | b4Pi—a4P, | 102 
ates cee ST10, D2 = 40 || eee S| Seek bees 32143.90 | b?D3;—c?D$ | 103 
Cece sr BIOS.03 alt esa scenes O! lees cere 32150.10 | b?D,;—c?D; | 103 
6 S52 3100.23 ° se) 35 Vr 32184.07 | b4P{—a4P, | 102 
Oneness 3105.08 ° 5 20 Vr 32195.97 | b4P{—a4P, | 102 
Baer ee 2TO4 OO Ul et 35 ee Ow ipaneace 32200.94 | b?G,—c?F, | 104 
Omri one. 3103.80 fo) 6 50 Vr 32209.25 | b?G;—c?F, | 104 
Baber 310300 Wet-4e| ees Pi Ale ney 32217.56 | a?Pi—a4‘P. | ror 
5 ee 30072034] =i 2) |en nas tS AN eerie: 32273.40 | b?D.—c?D} | 103 
ac x ieiee 3097.18 ° 7 25 Vr 32278.09 | b4P—a4P; | 102 


ee  —___—_ ovOvOvOO 
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ARC AND SPARK SPECTRA OF Ti. 


TABLE II—Continued 


Int. 
Spark 


Temp. 
Class 


Ar Int. 
O-C Arc 
eee are 
a ae yl SE 
+ 1 6 
+1 60 
(ol es a7ae 
° 45 
o | 40 
fo) 40 
i ae ee 
° 30 
° 4 
+ 2 3 
fo) 20 
— 2 30 
— I 2 
7 eas 
° 
os : 
° 
Oh Beans ae 
Cg eee’ 
+ 1 I 
ae I 
ee ee See 
eis Te llareneatos 
O44 
S230 Nae re trays 
Se te ae 
ate x 
12 al herclaiee 
Sean eae 4 
re Pea 
Se ye Ieee a 
cee 
Onl reer: 
SUN eon eee 
OUlae re 
art er 
eT lee a « 
oy a eres 
Owl aeons. 
GO area 
Til aseneey 
So al aera 
Ball eras 
i eee eee 
setae 2 
Osanna 
EF litlotee < 


PARTS T IQ 
Designation sae 
90 | b?D.—c?D{ | 103 
.82 | a4Gi—c4FE | 105 
.48 | b?G,—CF; | 104 
72.) asF£—asD/ | 106 
.48 | a4Gi—c4F | 105 
.47 | a4Fi—a4sD4 | 106 
.58 | a4F{—asD} | 106 
.38 | a4Fi—a4Dt | 106 
.93 | a4Gi—cfF{ | 105 
.59 | a4F{—a4Dj{ | 106 
.80 | a4PJ—a4P, | 107 
.81 | a4P,—a4P, | 107 
.50 | a4F{—a4D; | 106 
.21 | a4F{—a4D{ | 106 
.16 | a4P{—a4P; | 107 
.50 | a4Gi—ciF, | 105 
: fa4P£—a4P, | 107 
3 |\ a4Fi—asDj | 106 
77 | asAPi—a4P, | 107 
73 | a4Fi—a4D{ | 106 
.Io | a4Pi{—a4P, | 107 
.61 | b?D3;—b?P2 | 108 
20 | a4Pj—a4‘P; | 107 
MF a eR are Sc OMEN toe OER 
.60 | b?D,—b?P; | 108 
15 | a?Hé—a?H; | 109 
.04 | b?D,—b?P, | 108 
.77 | #@H{—a?H, | 109 
.49 | a?G{—c?G, | 110 
.97 | a?Gl—c?G, | 110 
.gI | a?Hé—a?H¢ | 109 
.38 | a?H{—a?H¢ | 109 
BOOM | cate retire. ail eeeterars 
.41 | a?D{—d?F) | rr 
.41 | a27D,—a‘P, | 112 
.52 | a2Di—d?FY | xxx 
E20 "ie seer ear eat ictenetouets 
-59 | a?G{—b?Hé | 113 
-59 | a4F;—asG, | 114 
.84 | a?G{—b?Hé | 113 
.32 | a4F,—a4G, | 114 
.57 | a4Fs;—asGe | 114 
.65 | a?F,—d?Fi | 115 
.69 | a4F,—a4G, | 114 
LOB 7| scvhu ae watano-s Varnes 
.84 | a4F3;—a4G, | 114 
.05 | a4F,—a4G, | 114 
.96 | a?F;—d?F! | x15 
SOK | Sn tereretar seateyecel| seerectoke 
.57 | a4F;—a4Hé | 116 
.62 | a4F,—d?F{ | 117 
Moye hal len come ar ached Boneeare 
.83 | a4F,—a4Hé | 116 
.32 | a4F,—a4Hi | 116 
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TABLE Il—Continued 
eee 


Source Cpe l te | te i seat | ings is Designation | tet 
tear 2018-77) eats Be lnocen Sel by Metac a 34251.01 | a?F;—d?F4 | 115 
Bea eee ZOLGL7O: | — Sales es Tannen 34275.31 | CD;—@F, | 118 
BO e ake 2ZOLO<O9) | Sees ears si are.w es EO y |iganc a0 BA 2S DAS naga hemor onal a bie eee 
rors DOT AG SO! | ste eters |eretsietene TO! Poo tten SA ZOS. 7 Bie ate ate wteyaveraral le seer elers 
eres QOL 3 = 3A ee eres loser EO aaron aes BATA LOS ani ertereme errs pi orekeks 
TO wee 2913.08 On| Sekine Ty |herauetos 34317.91 | a4F{—a?G4 | 119 
Ee at Ree BOLO 27.0 2e fairer Cit Gaonac 34345.26 | a4F,—d?F, | 117 
oicrerhoie 2909.91 ° I 7 34355.29 | a4F{—a?Gé | 110 
Lie near 2000145) |) — 928) anne Tig Hepes teres 34360.73 | c?D,—d?F; | 118 
CPt: ZOOS GEA” | oe anes areie ets ATI Coventree EV GEN Ul Ging OOO ROTO Doe ane 
raat ZOOO SOO) |'- ea ctersilaeteearete PXoe wil Pre cvetccte BAZ03 SAN |e meee terete rs aneteaetaes 
Serta Cie 2901.04 | — 2)]...2,. Ol) eee 34449.63 | a4F{—a?G{ | 119 
CP ee rec 2895; S0) |e-te Aw lle ares (lal Rucamtriac 34522.56 | a4Fi—a?Gi | 119 
Ooveacs 2890r.05 | — I 3 15 V 34579.40 | a?F{—b*Dj | 120 
BS cra BEQOE SO). | sevens orel| Geacrercns OIF | ters ayes BARSA. OOr |eimero ene cee atest 
Onriawue 2888.92. — I 2 1s Vv 34604.89 | a?F{—b*D{ | 120 
Bike sucrose Py stots toyed Karena [ao oicees TOD (ers arr ts cy Wolorsiar hoki nc ao ciodner ome bio 
Oars) ravi 2887.46 | + 2 I 2 Vv 34622.39 | a?Gs;—b?Gj | 121 
Girt ase 2884.10 | + 1 7 70 Vv 34662.72 | a27G.—b?G! | rear 
BI at 2880. 28 Gullbeae eee a) ee nee, 34708.70 | b?D;—c?F, | 122 
Owe incase 2877.42 | — 1 6 60 Vv 34743.18 | a?G,—b?G4 | raz 
Brats S767) | Saaie|kes ats TOD | essy acre EV oy eactain inna cpa ulio.c out 
Bite ae oy. Pe Atos 1 PISO INDORE Te aCis | ee eee BAMOMSTS) Lore ctevereiebeteratai| srclarats 
Con ee ASH OO) || aaa aces EM ecm ncre 34783.55 | a?G,—b?Gs | raz 
FM eer S 1 DOTOT OAM | sea stavaln | acteurs CAAA Baxorrcniin BASS Behe | mime Meee ini] a ate sete 
Oe tees 2009.73: ae 2 15 Vv 34848.42 | a?F{—b?Dj | 120 
Linen. 2868.29 | — £ |. ...6s On | aeetwn: 34853.78 | a4G6—a4G, | 123 
Gur rene 2862.31 | — I 4 30 Vv 34926.59 | a?Ps—c?D3 | 124 
SB ee Vsiavnaa ZSOL OO. tee |e eae = ZOUs | atte BAOSOnAO) Ilaevecesre tense || aealaverete 
a Aas 2801.29 | — I 3 Vv 34939.04 | a?PZ—c?Di | 124 
RWras oie 2500 47ON ein al ee aa ADI | eeenecs BAAS s Lda lerecchetenrermerarare |leie seems 
re 2858.40 ° I 8 Vv 34074.35 | a?Fi—a?P, | 125 
Rc racier ei ole Rely Lal rice ened Psteserh ca Be MS Arca ae BAOST iO Zila seree estates | aay eens 
8 2856.62 2 evens A Ps a 34996.16 | b?D2—c?F, | 122 
EUnet 2856.24 | 4- F Io. oe... PAS Pao ces 35000.81 | a4G6—a4Ge | 123 
a Oe en eae ZSSErAOn le = cA a eer ET era stereeeys 35010.00 | a4Gi—aiG, | 123 
6 2853.92 2 Io Wy 35029.26 | a?Fi{—b?F, | 126 
Diver eee 2851.09 I 2 20 Vv 35064.02 | a?Pi—c?D4 | 124 
co ee te A BEAGTOO NN ta Sa eee ac SE SUM | eo ects 35125.62 | a4Gi—asG; | 123 
Biter eke 2844.00 Tia|trs «trees 7} tal erro 35150.32 | a4Gi—a4sG, | 123 
Osea cake 2841.91 | — I 7 30 Vr 35177.28 | a?Fi—b?F, | 126 
OL ae 2839.70 | + 4 |...... 1 Dea coc 35204.67 | a4G6—a4H6 | 127 
Shee aes 2OZOwOAn | tae |e ite Ae Oe cone 35242.62 | a4Gi—asG, | 123 
Bohne 2OIA EAT Ne ei len caters TOs |e ee 35273.73 | a4Gl—asGe | 123 
epee 2832.16 ry 5 20 V 352908.37 | a?F{—b?F; | 126 

* | a4Gi—asG, | 12 
3 2828.89 V+ xf BOW we evs ere 35339-19 Pcie: a 
Ore 2828.15 2 60 V 35348.42 | a4G6—a4Hi | 127 
Sieh trae tees DSO 7 EIR |e) |e e TO! Grote gore 35300.06 | a4Gi—a4G, | 123 
Bee BO Bs 25 2ce Atel oes) | UN hereto” 35432.87 | a4G{—a4sG, | 123 
PD reek ea ZO20 530) ae I 4 V SSAAO LOO ne miy eset a rl aie ae 
Zornes 2850)00.| —" A) || sts Sale 35450.71 | a4Gi—a4Hi | 127 
Dae 2h 2817.84 ° (x) Gow | Pps ee 35477.76 | a4Gl—asH | 127 
Shas Ra 2ST S570 | tsa | eee PA lz secben ond 35500.35 | a4Pi—c?D§ | 128 


ARC AND SPARK SPECTRA OF Ti. 


Source Ope > 
Bites 9% 2814.61 
Brwe, nasprisas 2812.05 
Ores Sate 2810.28 
Gr 2806.41 
Rintwoas.ay fds 2805.01 
Oe dat ta toes ed 2800.65 
Bone aero: 2790.62 
Bch 2788.00 
Bene Geet 2785.99 
BREN os aya 2784.67 
BRT cs Se 2782.30 
Bers uestasy 2780.55 
hl rene 2778.48 
Cie Ae mee 2768.20 
i eh car eee 2765.65 
D0 Cane 2705.22 
ae 2764.80 
roach ee 2764.3 
eet ts rs 2763.90 
Tepes cles 2762.92 
Bee cote i 2762.22 
Be tetrd 2761.29 
CO CSR 2758.9 
FS a 2758.35 
overs etc 2757.02 
Oa ates 2752.85 
Beene: 2751.70 
Chea eric 2746.70 
Ch a eae 2742.30 
Bareeeee 2738.7 
BS setae te eye 2730.05 
Bos ohh aus 2725.78 
La a OA 2719.39 
ho SERS OS 2717.29 
Roa ae 2710.20 
To secre 2713.76 
Ea tig acer 2707.05 
B Slee peice 2698.52 
Bee etetacs 2605.97 
xt eee eee 2655.30 
high hs eeee 2646.08 
Betecrsiccs 2642.15 
Ei eae 2638.70 
tots suet 2635.60 
Else sos 2632.95 
Bis vetaydis 2630.2 
Cie oe 2604.11 
Sees 2581.73 
eee Or 2573700 
Bore odes lot Roe 3 
O iers cross 2572.63 


TABLE II—Continued 


A Int. 
Arc 


+1 4++++! 


| 
iS) 


—— 
| 


Int. Temp. 

Spark Class “ 
ty lees 35518 
a. Mae tree 35550 
50 Vv 35573 
5 Vv 35622 

AOD) | sire hie 35640 
BOl |(skxaee role 35605 
Bie leases 35823 
Sie | eae 35857 
OD: | eetcctae 35883 
Cae Iie 35900 
OT |i ses ate 35930 
itd ee etc 35953 
QD vate enters 35980 
figs) |forexstoeks 36113 
OD: | these ots 30147 
One| ie once 36152 
10 Vv 36158 
Ga ewe 36164 
(Ga Pore ee 36170 
(Ol) lees 36182 
Bi) | eisswee 36192 
if Soe 36204 
BN tb ciavs 36235 
OT hae cee 36242 
Om aero 36252 
ANS cats tcc 30315 
BON custo cle oe 36330 
Ol iaetwaeres 36390. 
8n | IIT 36454 
xcs Veet 30502 
OTE | sete ese 36606 
Cad Ped ies 36675 
ee ila eratarest 36762 
cell (eae oe 36790 
ee eee ae 36805 
CO) eran ae 36838 
Ol beers 36929 
BOE lear 37046 
Ome Sac 37081 
CE Werestareescs 37649 
BON | aan, or 37780 
QOD) Neurons tes 37836 
TOUS |\s ts, cote 37886 
Ll econo 37930 
Ur rang eae ae ee 37908 
LE 9 | fetayacas 38008 
(2) Nee cee 38389 
T Wwe 38722 
CLEA epecaveveis 38839 
On feeactn: 38842 
Be ledeweiaraie 38859 


PAR ie h ox 
Designation pa 
.46 | a4Pi—c?Di | 128 
.80 | a4Pi—c?D; | 128 
.19 | a4Gi—asHi | 127 
23 | a?Pi—b?P, | 129 
,or | a4Gi—a4Hj | 127 
.50 | a4Fs—a4D, | 130 
.79 | a4F,—a4D; | 130 
.46 | a4F;—a4D, | 130 
.32 | a4F,—a4D, | 130 
.32 | a?Fi—b4Dj | 132 
.or | a4F,—a4D,; | 130 
651 | atF{—b4D§ | 13x 
a4F,—a4D, | 130 
*3T |\ asF;—a4D; | 130 
.or | a?F,—c?G, | 132 
.21 | a4Di—d4Fi | 133 
.83 | a4Pi—b?P, | 134 
-33 | @D3;—cD§ | 135 
.87 | a4Di—d4F4 | 133 
.08 | a?F{—b4Dj{ | 132 
.92 | a4Di—d4Fi | 133 
-1r | a27D,—@Ds || 135 
228, | a2Da—ceD2 || °135 
.64 | asDi—d4Fy | 133 
.87 | a4Di—d4F4 | 133 
.47 | atDj—d4Fy | 133 
.27 | a4Di—d4Fe | 133 
.45 | v@F,—cCG, | 132 
58 | a@F;—c?G, | 132 
SOO | Peieis te aiaroiel eal Sapa 
.9o | b?Pi{—c?P, | 136 
.47 | b?Pi—c?P, | 136 
.or | a?G,—a?H, | 137 
.o9 | a?D,—b?P; | 138 
.49 | a?G;—a?He | 137 
.24 | a?D;—b?P.2 | 138 
.34 | a2D.—b?P2 | 138 
.65 | b*P2—d?Dj | 139 
RO: |geteate clot otey «|| ana ser 
.42 | b?Pi—d?Dé | 139 
faPJ—CF, | 140 
“35 \a4F,—d4Fi | 141 
.52 | a4F;—d4Fé | r4z 
.71 | a4F,—d4Fi | 141 
18 | a4F;—d4F4 | rar 
.74 | a4F,—d4Fs | rar 
.92 | a4F,—d4Fé | r4r 
.61 | a4F,—d4FS | 14x 
39 | b4F{—b?D4 | 142 
15 | aD3,—cCF, | 143 
{ b4F,—b?*F; | 144 
“79 \a4G—d4FE | 145 
.65 | a?F{—b?G{ | 146 
PEGE Re nln no seed eters 
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TABLE I[—Continued 


One | At) ore Designation | yee 
+ (x) 20 a?Fi—b?Gé | 146 
rf tON | Be eee I avD.—C’F; | 143 
230 leven ae I asGl—d4Fy | 145 
(tr) | x0 a?Fi{—b?G4 | 146 
ee eee tr a4tGi—d4Fs | 145 
—VAaleeee « tr asFi—b?Di | 147 
(x) Io b4Fi—b4D}t | 148 
+ (2) 20 b4F{—b4Di 148 
+ (2) 20 b4Fi{—b4D{ | 148 
= ras eee ° b4F,—b4Dz | 148 
+ (x) 30 b4Fi—b4Dj | 148 
a (tr) 8 b4F{—b4Dj | 148 
Se ate ei ° b+Fi,—b4Dj | 148 
aeaveis ° a4F{—b?F, | 14 
a rn A Acer 2 a4Fi—b?F ts 
Dae catae 2 b4F{—b4Dj | 148 
aed Bree 2 b4F{—b4Dj | 148 
kT aasavaiens (2) wFi—cDs | 150 
ater tn aos I50 
na rice I a4Fi—b4D! | 152 
_ (tr) (5) a4FS—b4D$ | 151 
fee llaraecevor. (2) a4Fi—b4D$ | 151 
epee At aktete (2) a4Fi— b4D} | 151 
Sed ae (1) a4FS—b4D$ | 151 
alata chacay, (1) a4Fi—b4Dj | 151 
a (tr) (6) b?D;—d?Dj | 152 
me Ta rece eee (3) aera, 152 
aoe Fi Sn urea 2 ?D2—d?Ds | 152 
a (tr) (5) b?D,—d?Di ie 
ae, (2) b4PL—c4Di | 153 
= eT Mle (1) b4P{—c4D4 | 153 
cre 2) eS 153 
Rings I 4Pi—c4D! | 153 
BAe Pr toa or 3) Rar Sas | ree 
ra ct dul [ea hear +3) b4Pi—c4Di | 153 
Bre ae (3) b4Pi—c4D | 153 
Sg et. (2) b4P{—c4Di | 153 
MeN: tr) b4P{—c4Dj | 153 
Scheib lies iae (3) a eee eae 
PRIS Oe ay ts) Lad itdoee erie eet 
a eetees I aD.—c4D{ | 1 
a ee eh ee (1) a?D3,—c4D} “ 
Se eee (3) b’?G,—d@F, | 155 
se Sos (1) c?D;—e?Di | 156 
oo ewe (1) b°G,—@F, | 155 
a ety (3) b’G,—@F, | 155 
2] eee (2) ¢D2,—eDs | 156 
ata Ti (2) c?D;—e’Dj | 156 
=o T tLe sete ts c?D,—e?D} | 156 
Berd Mane 2 
aoe ene (1) aD;—@Ds | 157 
Bt eee (1) pe ode a feet 
aT al chert (1) a?7D3;—d?D3 | 157 


ARC AND SPARK SPECTRA OF Ti. 


Source 


TABLE Il—Continued 


23 


Ar Int. Int. Temp. 
O-—C | Arc | Spark | Class Me 
Saeed RG (GC) ner xe 44886 
On larger. (GE ee 45413 
enlaces (a ere Foz for 45645 
Cale bis (ade lees: 45699 
Orlane. (A) panes 46224 
Or bc avs Cal le sasacr 46292 
rod His ase (Geren 46301 
rat Mera 6% (2) leo, 46318 
O)} |e eer (GaN en eee 46350 
me | oer oe (COA eee 46376 
ae eee (ayn | eee 46395 
Oe ws cae (SO) uileeaee 46730 
a eee ee. acne (co) lee 46807 
an ae ere (CO) El eereaa 46827 
Ca Ene (OO) |e eee 46853 
cast Rewer (Oy tere: 46859 
a ha oe (Co) pee 46885 
Olli cents (en) | ear ee 46930 
ll eee Grd erating 47505 
Geleeccs (OG) ai eet tens 47574 
=P eel bent? Ca eset 48657 
Be tal hg aes CD erentats 48925 
royal eerie (eH NE sacarce 48068 
tan Opi Weredeaee (OO) eliceareer: 52243 
etatthr lleereteres Ge) pal Wiens: 52328 
=t=07) |lskertere Co) as rae 52363 
t=O Tals arrce + CU ne See 52374 
tet Os |e eee (Cur Soeca oe 52402 
Ses eos (Gye ere 52457 


NOTES TO TABLE II 


1. Crew, Astrophysical Journal, 60, 108, 1924. 
2. Eder und Valenta, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
. Exner and Haschek, ibid. 


. Fiebig, ibid. 


. Kilby, Astrophysical Journal, 30, 243, 1909. 
. King, Mt. Wilson Contr., No. 274; Astrophysical Journal, 59, 155,1924, and unpub- 


3 
4 
5. Hasselberg, ibid. 
6 
7 


lished material. 


8. Lang, unpublished material. 
9. Lohse, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 


Io 
II 
I2 
* Blend. 
+ Arc Blend. 


. Miss Moore, unpublished material. 
. Rowland, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
. Russell, unpublished material. 


t Error in X corrected. 
§ Strong reversed spark line coincides with arc line. 


|| Displaced by blend. 
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PARI TE 
Designation 
64 | a?D,.—d?D} 
.27 | ?D;—eF; 
,08.}- CD.—eF, 
-95 | @D,—eF, 
. 36 b4P§—b4P, 


.42 | b4P{—bé4P, 
.21 | b4P{—bé4P, 
‘A b4PZ— b4P, 
36 | b4P{—b4Py 
.59 | b4Pi{—b4P, 
.53 | béPi—b4P; 
7 | a4PS—bé4P, 

7 a4P{— b4P, 
.og | a4Pi—b4P, 
5 64 a4Pi—b4P, 
7 | a4sPi—b4P, 
06 | a4Pi—b4P, 
18 a4Pi—b4P, 
03 a?D, —b4P, 
88 | a?Fi—c4D} 
.04 | a?Fi—d?Di 
.62 | a?F{—d?D$ 
.03 | a?F{—d?Di 
9 a4Fi—c4D} 
4 a4sF,—c4Dt 
au a4F4—c4D} 
wl a4F{—c4D} 
me) a4Fi—c4D} 
ney a4F4—c4D} 
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TABLE Ila 


Lines MASKING LINES OF 77 II 


A(L.A.) Element v Designation Multiplet 
BOSS TO cteetncier cine Ti 21473.06 a4Pi{—asF2 18 
AOZOE SA rece seinen es Iz 21595.33 a4Pi—a4‘F, 18 
AGAQE OA cake oie oats Gare Te 21973.64 asPi{—a’F, 20 
SAG EROS Merde ate ete Tit 28636. 51 c?D.,—d?D} 59 
3G OOO Wer nrcerniae oa Ti 20744.53 b4Pi—a?P, 69 
ORAM OA marie atta Sates Ti 29800.92 b4P{—a?P, 69 
LPO Meste lsh ch Sipe ee ret 30733 -43 a?D3;—b?D} 82 
ROAS LOO Meare a. Tet 30773.63 b4F5—a?D} 86 
GOO SO catainr oer orice Tit 30907 .60 a4P§—b4D3 93 
FZ Ra Sea er eea oe 1 31063.84 a4P§—b4D} 93 
ZSTORID ween Seer Tit 35573-19 a?P{—b?P, 129 
BOAT EGS cen att Fet 37992.27 a4sF;—d4FY 141 
BERL OD waters Tit 3Q112.22 aiGi—d4Fy 145 


For the next level, bsF’, with excitation potential’ 0.15 volt, the 
strongest lines are of class III and those of medium intensity often 
of class IV, and the faintest ones of class V—appearing in the arc 
but not in the furnace. For a?F’ (0.60 volt) the strong lines are of 
class IV and reversed in the spark, and the weaker ones of class V. 
Next come a?D and a’?G (1.08 and 1.12 volts), for which the strongest 
lines are of class V; a few of them are reversed in the spark, while 
the weaker components of the multiplets appear in the spark alone. 
Substantially the same statement is true of all the following terms 
from a4P’ (1.18 volts) to b’G (1.88), but the proportion of the fainter 
lines which appear in the arc at all tends to diminish. For b?P’ 
(2.05 volts) only the stronger lines appear in the arc, and the higher 
terms, b?F’ (2.58), aS (2.63), and c?D (3.10) give very few lines 
which are not confined to the spark. Finally, the lines corresponding 
to transitions upward from the odd triad a4D’, a4F, a4G’, and the 
corresponding doublet terms, for which the excitation potential 
ranges from 3.73 to 4.28 volts, though some of them are very strong 
in the spark, appear as mere traces, if at all, in heavy exposures to 
the arc. 

t This term is to be understood here, as in the writer’s “List of Ultimate and Penulti- 
mate Lines,” as defining the energy required to raise an atom to the state in which it 
can absorb the lines in question. This is obviously the quantity which is of astrophysical 


importance. The excitation potential for emission of a line depends on the higher energy 
state involved and is much greater. 
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Temperature classification, therefore, is quite as important in 
analyzing a spark spectrum as it is for an arc spectrum. Additional 
stages in the classification—VI, VII, and so on—would be required 
to take care of the lines which appear feebly or not at all in the arc, 
and still further steps, based on a study of other sources, would lead 
up to more lines which appear only in the vacuum spark. The spec- 
trum of titanium, which, in an easily observable region, contains 
lines of all degrees of difficulty of excitation up to the very refrac- 
tory lines of 77 1v, would furnish excellent material for such an in- 
vestigation. 


6. ZEEMAN EFFECT 


The magnetic resolutions of many titanium lines have been meas- 
ured by King" and by Babcock (unpublished). A comparison of their 
results with the predictions of Landé’s theory’ is given in Table III. 
The first column gives the terms involved (without regard to which 
is at the higher energy-level) ; the second, the wave-length of the line; 
and the third and fourth, the observed displacements of the » and 
nm components in the usual units. Babcock’s values are distinguished 
by being given to three decimal places. When there are several / or 
nm components, the strongest is printed in heavy type. The letters 
“w,,”” “‘w2,” “w,” denote numerically greater degrees of widening of 
an unresolved group of components. 

The fifth and sixth columns give the theoretical pattern. When 
many close components are present, some of the intermediate ones 
are omitted, but the strongest ones are always given. The last two 
columns give the blended pattern which is likely to be observed when 
the group cannot be resolved. In deriving this, it has been assumed 
that the center of the unresolved group will appear to be one-fourth 
of the way from the strongest line toward the weakest. This rule 
closely approximates the results obtained by weighting the lines in 
proportion to their theoretical intensities.’ In practice, it appears to 
represent about what is observed for a line of moderate intensity. 
For strong lines, the effective mean position may be expected, for 


t Publications of the Carnegie Institution of Washington, No. 153, 36-43, 1912. 
2 Zeitschrift fiir Physik, 15, 189, 1923. 
3H. Honl, Zeitschrift fiir Physik, 31, 340, 1925. 
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TABLE III 


ZEEMAN PATTERNS FOR Ji II 


OBSERVED THEoRY* BLEND 
TERMS » Nena Ts a | 
p n p n p n 
Or — 4D ameni<sfe 4780 0.699 T2353 0.67 Tees 
ho asd a Oe eee 4805 -347 0.903 33 I.00 
I.70 1.67 
2p — 2 Piranesi 4316 ° 0.671 fore) 0.67 
2p 4 Pr vesiner: 4330 271 1.479 oo 1.00 
1.67 
cS 2 ord eer CUE 4350 ° 1.26 fore) 1.33 
0.185 
2p, —2 4873 5 0.87 .O7 0.73 ° 0.84 
ee as ° 81 87 
4590 0.84 0.48 27, Ons53 0.66w}] 1.03W 
1.05 .80 1.07 
cd Pt D Pee ae 1.60 I 60 
4421 33 I.12W 
3706 0.62 ©. QOWx 
4911 Wi I.10 O7 I.00 ° I.10 
*P,—*D;...... 4533 Wr I .OIIW:z .20 Tate 
4374 ° 1.022 1.26 
I.40 
5226 ° 0.804 .00 0.80 
2D,—?D ee eee goto ° 86 
4337 ° . 810 
3757 ° 0.86 
4344 0.182 1.443 20 0.60 w I.50W 
*D.—*Dj...... 0.597 | 1.875 .60 1.00 
4287 W3 I.72W2 I.40 
3776 Wx 1.45 1.80 
5188 ° I.202 .00 I.20 
5072 ° I.20 
oi Peet 8 ean 4294 ° I.220 
STAs ° Te 55 
5381 fo) 0.936 .03 On77, ° 0.90 
2) — Ae aes 4443 ° 923 ©.09 83 
4411 ° 387 89 
4171 ° 0.89 0.94 


* The theoretical patterns given in the fifth and sixth columns and the computed blends in the last 
two columns apply equally to all of the lines having the same multiplet designation as indicated in the first 
column. Leaders in the fifth and sixth columns indicate the omission of one or more components from 
the theoretical pattern. 
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TABLE IlJ—Continued 
OBSERVED THEORY* BLEND 
TERMS nN 
p n p n p n 
oj Dy! Uae 4450 0.82 T.20 0.17 0.34 0.69 I.03 
155 0.69 
.86 I.03 
1.37 
Lee 
5330 ° 1.086 03 I.00 ° DaO7 
x 4488 ° 1.072 (oye) .06 
*Ds—*F 4... 4395 ° 1.079 nM Rcregeas ee 
4163 ° 1.04 I.29 
2—D —2F 
pat 3685 ° 1.05 ° I.00 
FF)... eS es se Ne Be : 
Cl ae 3721 W2 53 .14 0.43 Ww I.50W 
SAG me acai: 
7 r5y 
1.86 
= 3759 ° 2s 0.00 I.14 
ye ae pes 
4501 fe) ©.9I0 02 0.80 ° 0.93 
2B 5—2Gy...3<.. 4386 ° 934 .05 .84 
4053 ° 0.87 FOS, Sines cote 
-97 
3B —"Gy. 2.5... 4444 0.76 0.98w2 13 0.25 °.70w| 1.02wW 
Pi to a PR hee ea 
.63 I.02 
OO Neuen 5 
1.78 
4468 ° I.050 02 I.00 ° 1.05 
eR —eGeeee 4367 ° 1.047 05 1.03 
4028 ° 1.02 OS) Hes eas: 
II I.22 
3G,—°Gi...... 5185 ° 0.886 ° 0.89 
1G.—7Gl...... 5129 ° 1.145 ° Toit 
4G y— "Hew 4572 ° 0.94 0.01 ae ° 0.95 
.03 ; 
P as dite aa 3 
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TABLE I1I—Continued 


OBSERVED THEORY* BLEND 
TERMS nN 
? n p n p n 
4G — 7g. es 4520 0.83w: | I.07W2 0.10 0.20 o.7IW}] I.OIW 
C30"? || Ramat: 
.50 I.01 
Sy iT \l ey a ween 
-OI 1.82 
2G.—3H¢...... 4549 ° I.O51 .or I.00 ° I.04 
03 I.02 
eae err 
4P;,—4D;...... 4314 1.308 I.304 THe e323 
8 Onzr 0.46 0.73 0.47 
Tae pe 
a : 4301 717 500 1.93 
4P,—4Dy...... 4320 .845 | 0.861 87 0.87 
2.586 2.60 
ee $4409 78 ? 27 0.93 
Bee aera \4307 | 0.773 | 0.942 80 1.47 
1.478 2.00 
1.976 
4Po— 4D ses 4290 W3 0.95Wa2 .18 0.83 w I.10W 
54 1.19 
T.55 
I.QL 
4P.—4{1),...... 4330 W3 2.14W2 .20 I.00 Ww I.QOW 
.60 I.40 
1.80 
2.20 
‘P,—4D3..... pet 0.54 1.65 II 1.03 0.46w| 1.48w 
4312 0.52 1.48 34 1.26 
57 1.48 
e740 
1.94 
aly ae pre Wr 1.18 .09 I.00 Ww I.21W 
4300 OW2 I.I57W2 . 26 7 
EA ete ene 
1.86 
P,—"Da...... pepe) Oareee] (Os 93 | 0.13 
3 eee 0.88 0.00 rely 
1.68 
of) ftom) DB Rea 4470 I.40 0.39 0.47 0.33 
1.18 I.40 1.27 
es 2.20 
A eae st 
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TABLE Il]—Continued 


OBSERVED THEORY* BLEND 
TERMS oN ar <a aaa 
d n p n p n 
_) ool D Pe 4417 0.263 | 0.356 0.27 0.40 
-797 ara .80 0.93 
0.923 1.47 
1.464 2.00 
2Pr—4D 2... oe 4304 .225 | 1.451 27 0.93 
1.47 
) ed Dodo 4418 O.253 |) 2,275 07 ee 0.17 1.27 
20 1.27 
I.40 
2P7—4D;.3.05 4399 ° 1.383 02 Tso ° I.40 
06 1.35 
1.39 
1.43 
AD rer DY, Oe ose 4173 0.34 too 7 09 0.94 Ones 1.29 
.26 eit 
43 1.29 
1.46 
1.63 
ADI — AD. ges, 4161 W2 I.75W2 Ai 0.86 ow I.72W 
RHA bldee tet os 
SY 1.77 
2.00 
2F—4Fi....... 3814 W2 1.34 23 0.63 ow I.31W 
69 1.08 
1.54 
2h —4By scares « 3836 Wr 1.42 06 0.86 ow I.29W 
ry 0.97 
APO UR tay sea: 
1.43 
BS AR oe eas 3813 Wr to22 .05 ©.90 ow I.19W 
STAG Laer es 
24 1.19 
Ek eee 
1.48 
] Wee Cee 4012 0.64 0. 75Wa2 14 0.14 0.64w] 0o.71W 
43 43 
71 0.71 
1.00 
D226 
aE —41Gy.... o 4025 °.49 1.00 .08 0.59 0.48w| 1.06w 
5) a en ee a 
-40 1.06 
O; BO abe rs es 
1.54 
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obvious reasons, to be nearer the weakest component, and for 
weak lines, nearer the strongest. 

The agreement between the observed and computed separations 
is, in almost all cases, within the error of observation. It affords 
what is probably the most comprehensive test of Landé’s formulae 
for the case of a doublet system that can at present be made. The 
agreement is also excellent for the two quartet multiplets, and for 
the intercombinations, many of which show unusual and interesting 
Zeeman patterns. Further observations, especially in the ultra- 
violet, would be of value. The unresolved pair at \ 3685 would be 
especially interesting; but very high resolving power would be re- 
quired to separate the components. The observed resolution agrees 
tolerably with the anticipated blend. The line \ 4417 shows an 
nm component at 0.731, which is not accounted for, and probably 
belongs to some neighboring line. 

The only real discordances are for AX 4330 (b?P;—a?P.), 4350 
(b?P;—a?P,), and 4421 (b?P{—b?D2). The observations of the first 
and third are complicated by adjacent lines; but it appears probable 
that the g values for a?P, and b?D; are abnormal. These two terms 
have the same inner-quantum number and closely adjacent energy- 
levels, and may perturb one another, as in the case studied by 
Back’ in calcium. The intensities of some of the combinations in- 
volving these terms are abnormal; for example, b?D,—a’P, and 
a*D;,—b*D; are the strongest lines in the corresponding multiplets, 
though they should be weak. The assumption that g=1.21 for 
a’P, (instead of 1.33) gives the patterns (0.27), 0.93, 1.48 for \ 4330, 
and (0.07, 0.19), 1.14, 1.27, 1.40 for \ 4350. 

The unresolved pattern for \ 4421 suggests that b*D; has a 
g value about 1.0 instead of 0.80; but the data are insufficient for 
a determination. 


7. THEORETICAL INTERPRETATION OF THE 
OBSERVED TERMS 
Hund’s theory? of the relation of spectral lines to electronic 
configurations in the atom finds an admirable confirmation in this 
* Zeitschrift fiir Physik, 33, 579, 1925. 
* Ibid., p. 345; 34, 296, 1925. 
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spectrum. In the first long period, the orbits' of lowest total quan- 
tum number which the valency electron can occupy are 4s, 4p, 3d, 
and 4f. From general considerations based on our knowledge of 
other spectra it appears that the 3d and 4s electrons will be bound 
most closely, and almost equally so, and next the 4p’s, while the 
4f’s will be much more loosely held. The atomic configurations of 
lowest energy will therefore involve only 3d and 4s electrons, 
and will give rise to terms of the ‘‘even” set—S, P’, D, F’, etc. 
These terms will not combine with one another, but will combine 
freely with higher-lying ‘‘odd” terms S’, P, D’, F, etc., arising from 
configurations containing one 4p electron. These again will combine 
with still higher even terms, corresponding to configurations in 
which one of the electrons is raised to a 5s or 4d orbit. Configura- 
tions containing more highly excited electrons, or two 4p orbits, or a 
4f orbit, are likely to have such high energy as to give rise either to 
faint lines or to lines in the Schumann region. 

The lines which are to be expected from the various electronic 
configurations are given in Table IV. The groups of terms which 
should arise from the addition of a third electron to each of the 
spectroscopic terms of 77 m1’ corresponding to a given arrangement 
of the first two electrons are listed separately; thus the addition of a 
4p electron to the configuration which gives the ;F’ term of 77 m1 
(the normal state of the corresponding ion) gives triads of D’, F, 
G’ terms in the quartet and doublet systems. The electron which is 
supposed then to be added is the last in order in the configuration 
given in the first column. For the configurations (3d)3, where Pauli’s 
restriction is operative, such an assignment of the terms to particular 
terms in 77 111 is impracticable. 

The observed terms which are believed to correspond to the vari- 
ous predictions of theory are given in the last column of Table IV. In 
some instances the identifications are immediate; thus the term a?H’ 
belongs to the same set as the lowest terms in the atom and is evi- 
dently even; and it can be assigned only to the configuration (3d)3. 
Similarly, a?S, which is also low and even, must belong to (3d)*4s, 


«The use of this convenient term indicates no dissent from the later “‘wave’’ 
theory. 
2 Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 25, 1927. 
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and the odd terms a‘S’, a4G’, aH to (3d)*4p, in the positions in 


which they are placed. 
TABLE IV 


PREDICTED AND OBSERVED TERMS IN Ji 


nn — 
——OoOOOOOOO———————OOOOOOaaeaaaaaSeseses=NeN0N08—6 eee 


Configuration Sos Predicted Terms Observed Terms 
faP’, 4F’, a4P’, b4F’ 
(30)3 areas |nike Seretrare \2P’,2D, 2F’. 3G, 2H’, 2D | a2P’, b2D, b?F’; a2G, aH’, — 
4p’ b4P’ 
(3d)?4s Se oueus a3P’ er b?P’ 
’ 4F’ ask’ 
a3F ay’ a?k’ 
aS 28 aS 
atD 2D a?D 
atG 2G b?G 
BUlAB)t mee ‘BDt 2D cD 
4S’, 4P, 4D’ aS’, a4P, b4D’ 
(3d)24p oie ee a3P’ 2S!” 2p, 27—)’ a2S/, bP, cD’ 
sR” 4D’, 4F, 4G’ a4D’, a4F, a4G’ 
a Ae af, 2G! aD’, aF, a2G/ 
ats BPN ee OW Ea! Bees oiscare ore aca nse are etna eens 
atD 2p, 22D’, 2F a?P, b?D’, b?F 
aG | 2F, 2G’, 7H CF, b°G’, aH 
ae = 4P, 4D/, 4F béP, cD’, — 
= ak gl 2P, 2D’, ?F cP, dD’, @F 
b!D 2p, 2D! 2F —,eD’, eF 
(3d)?5s Me tee a3Pp’ a ©. 8.0.6 66.6 50.0.08 0d. 6 66 6.8 6 6 0 6 @tarare Oe (8 .ere 
/ / 
vw EE cf 
ibs ie ela ae MC MERE, 9 eS NeoPurn a MONS ora SG yc, 
atD aD ra eee re etek seen 
aG SC ws el 0 Ui lievicts se tors atste sear tree tote p trade Ee Peon 
f 4P’. 4D, 4F’ SSS = 
(3d)'4d...... Tiga cep ee 
ap |/4P 4D, «BY, 4G, | — aD, da’, asG, aft’ 
2p!) 2D) 2F" 2G, 2H —, —, @F’, °G, beH’ 
aS gl BR eee cae Nem noes eter Rete eae iO om be 
aD 8, 2Re AD). AB 2G race Nations farms ices 1 ey 
atG ’D, a; aG, bie A Onrae go aire ena yams 


In most cases, however, alternative possibilities are open, and 
further evidence is needed for the assignment. This can be obtained 
in several ways: (a) The terms formed by the addition of a p elec- 
tron to a given term of the “parent spectrum” of the next highest 
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degree of ionization form triads (except when the parent term is an 
S term). The terms of a given triad usually, though not always, lie 
at about the same level. (b) The terms which are produced by adding 
another electron to the arrangement corresponding to a given parent 
term combine with one another to give strong multiplets, while 
combinations with terms of different parentage usually give much 
weaker lines. The reason for this is evident; in the first case a single 
electron “jumps” without any rearrangement in the rest of the atom; 
in the second, more or less rearrangement takes place, which is 
statistically much less probable. (c) If the electron jump increases 
the azimuthal quantum number / (e.g., from an s to a p orbit), the 
multiplet in which the azimuthal quantum number L increases will 
be the strongest (e.g., the transition from F to G) and that in which 
it decreases, the weakest (F to D). But if the electron decreases its /, 
the opposite is the case. This rule was communicated to the writer 
by Dr. Otto Laporte. Like the preceding one, it is an obvious con- 
sequence of the correspondence principle. (d) Terms produced by 
adding an electron of a given kind (e.g., 4p) to various parent terms 
are usually, though not always, situated at about the same relative 
levels as the parent terms. 

The parent terms in 77 111, with their relative levels (measuring 
upward from the lowest level, and taking the component of highest 
inner-quantum number), are: 


(3d) 3d 4s 
——, tn, 
ask 422 aD; 38,425 
a'D, 8473 b'tD, = 41, 704 
a3P 10,721 
atSo 14,053? 


a'G, 14,398 


As for the strength of the combinations, Table V gives the esti- 
mated intensity of the strongest line in each of the multiplets result- 
ing from the combination of the terms which head the correspond- 
ing row and column, and provides the necessary data. 

Beginning with the quartet terms of 77 1, we find obvious triads 
of odd terms, a4D’, a‘F, a4G’ and a4S’, a‘P, b4D’, which evidently 
belong to (3d)?4p and are produced by the addition of a 4p electron 
to a3F’ and a3P’, respectively. The average term values for the two 
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“poi 0} Iv} OOF =4 puxylq= * 
(1) | -ae 
(7) | "a0 
(£) "* Hep 
(9) Be) Boe) CES) we eee. (£) (<) fe) oe /AzP 
ut I Paige ES) 
(0) (2) "* 9 
(7) () "drq 
‘dsp 
nio$ ¢ rar ait eet ye yh Iov 2s so we Se we eadee “Fie 
nicS¢ ol C1 » © eo 6 8 6 ss u's 108 OZ a ee o. Od 
CL ¢ iy a eae wee eee, = Io$ 5 ne ET, Coie koe inc ae cr o* * 20 
uv Shek ene og Sr aU aCe at eee a Re uog ol z es z SZ L 226 ms oe Dek 
wae |e uoS oF os 2 eae ° () Iooz = 09 v | 2 ae 
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triads are (roughly) 31,400 and 41,000; their difference is 9600, while 
a3P’—a3F” is 10,300. The two remaining odd quartet terms, b‘P 
and ciD’, may be assigned with confidence to the triad of origin 
3d-4s-4p. Their mean level, 54,400, is 23,000 higher than that of the 
lowest triad, while a*D is 38,000 higher than a3F’, but this difference 
is not beyond the limits of probability. The multiplet a+F’— cD’ 
was found near \ 1900 in a list of lines measured by Professor Lang. 
The 4F term, which should give another but fainter multiplet near 
by, could not be identified. 

Of the pair of low 4F’ terms, one must arise from (3d)3 and the 
other from (3d)*4s; and the same is true of the ‘P’ terms. It appears 
from Table V that a‘F’ gives a stronger combination with a‘G’ than 
with a‘D’, and b‘F’ the contrary; hence the former must be assigned 
to (3d)*4s and the latter to (3d)3. In the case of the 4P’ terms, the 
situation is reversed; the higher one, b‘P’, combines strongly with 
b4D’, while the combination from the lower one gives very faint 
lines. The resulting assignment is confirmed by the fact that b4P’ 
gives a strong multiplet with b‘P, and a‘P’ a weak one. In the former 
case the transition is from the configuration (3d)*4s to 3d-4s-4p, 
and involves only the jump of a single electron; in the latter the 
transition is from (3d), involving a double electron jump. 

Of the high even quartet terms, a‘H’ and a‘G can arise only from 
(3d)?4d. These terms combine strongly with the triad a‘D’, a‘F, 
atG’, and so must belong to the parent term a3F. There can be 
no doubt that a‘D and the two high ‘F’ terms also belong to this 
sub-group, the former and one of the latter arising from (3d)?4d, and 
the other 4F’ term from (3d)?5s. Since an electron jump from p to d 
usually gives stronger lines than one from p to s, the term d‘F’, 
which gives the stronger multiplets, may be assigned to the first 
configuration, and c‘F’ to the second. This is confirmed by the fact 
that c/F’ combines most strongly with the G’ term of the triad, and 
dsF’ with the F term. The latter is what might be expected in com- 
binations between a triad and a pentad of terms of common origin, 
as has recently been shown in Sc 11.7 

All the known quartet terms have now been accounted for. The 


t Russell and Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 
558), 1927. 
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low even terms are theoretically complete, and all but one of the 
intermediate odd terms have been found. Of the high even terms, 
only those derived from the lowest parent terms in 77 111 have been 
detected, and, of these, one member of the pentad is missing—it 
should give the faintest combinations of the five. The terms derived 
from the other terms of 7z m1 might be expected to give fainter 
combinations, and it is not surprising that they have not been de- 
tected. 

The numerous doublet terms present a more complicated prob- 
lem. Among the odd terms, however, three conspicuous triads are 
present, each of which combines with one of the low even terms to 
give strong reversed lines, thus: a?D’, a?F, a?G’ combine with a’F’; 
a?P, b*D’, b*F with a?D; and c?F, b?G’, a?H with b’G: This makes it 
evident that each of these groups arises from a common parent term 
in Ti m1; and these must evidently be a3F’, a‘D, and a’G, the low 
terms being of origin (3d)*4s and the others coming from (3d)4p. 
Only three more levels remain below 50,000; these are a?S’, b’P, and 
¢’D’, which fit the requirements of the fourth triad, of origin (3d)?4p 
and parent term a3P’. The mean levels of the leading components of 
these four triads are 32,755, 39,718, 45,719, and 42,627. Subtracting 
the levels of the parent terms in 77 10, we find 32,333, 31,246, 
31,321, and 31,906—a striking confirmation of rule (d). 

The remaining odd terms, c’P, d?D’, d’?F; e?D’, e’F, fall naturally 
into place as a complete and incomplete triad arising from 3d+4s- 4p, 
though the assignment—and even the reality—of c’P is somewhat 
doubtful. The rest of the low even terms are now easy to place. The 
term a’S must be assigned to (3d)?4s. Of the terms a?P’, b?P’, the 
former combines most strongly with the first member of the triad 
a?S’, b’P, c?D’, and the latter with the last. This assigns b*P’ to 
(3d)*4s and a?P’ to (3d)3. The remaining low even terms must arise 
from (3d) or 3d(4s)?. Of these c?D, which lies at the highest level 
and combines strongly with e’D’, e?F, may be assigned with confi- 
dence to the latter configuration. It is noteworthy that this term 
combines more strongly with the higher triad of origin 3d-4s-4p, 
than with the lower one, and that this is also the case in Sc 1. The 
remaining doublet terms go by default to (3d)3. As may be seen 
from Table V, the intensities of their combinations with the odd 
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terms are in general less than for the terms of origin (3d)?4s and 
are more irregular. 

The few even high doublet terms which are known combine with 
the triad of parentage a3F’ and obviously arise from the configura- 
tions (3d)?5s and (3d)?4d. As in the case of the quartets, there are 
two F’ terms, of which the lower one, giving the weaker combina- 
tions, may be assigned to (3d)?5s. 

All the known terms of 77 1 are now accounted for theoretically. 
Conversely, all the low (even) terms which theory predicts have 
been found with the exception of one*D term of origin (3d)’. Among 
the middle (odd) terms of origin (3d)?4p only one ?P term is lacking. 
The parent *S term in 77 ut has been identified very doubtfully, if 
at all. The missing ?P and ‘F terms arising from 3d-4s-4p should 
give faint multiplets. Of the high even terms, only those arising 
from the lowest parent term in 77 m1 have been observed, and some 
of these which should give the weaker combinations are missing. 

In all points, therefore, the character of the spectrum is in exact 
accordance with the predictions of Hund’s theory, including the 
fact that the *F’ terms are lower than the ‘P’ terms of the same 
origin, and that the quartet F’ and P’ terms are lower than the 
doublets which have the same parent term in 77 m1. 


8. SERIES AND IONIZATION POTENTIAL 


According to the interpretation just given, the terms a‘*F’, c‘F’ 
are successive members of a series, as are also a?F’, °F’. The limit 
of the series should be the lowest term aF” of 77% 111, the components 
4F i, 7F, going to.a3Fj as limit; 4Fj, ?F; to a3Fj; and 4Fj, 4F) to a3F). 
Applying a Rydberg formula in the usual manner, determining the 
height of the limit above the lowest level in 77 1, and subtracting 
the quantities required to reduce all the results to determinations of 
the difference in level between the normal state of 77 m1, a‘F:, and 
that of Ti m1, a3F!, we find: 


Term ‘FE ‘FA ‘FS “FS oF; 2F4 
Ms terh ease) deg cePn reson 111,874 | 111,677 | 111,542 | 111,448 | 111,174 | 110,894 
Correction... .e. 6c. 422 183 ° ° 422 183 


BOE -A4 Ys Dok ca cee TII,452 | 111,494 | I11,542 | 111,448 | 110,752 | 110,711 
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The results from the quartet and doublet terms agree quite as 
well as could be expected. The general mean is 111,233, correspond- 
ing to a value of 13.73 volts for the principal ionization potential of 
Ti u—that is, the energy required to pass from the normal state of 
Ti u to that of 77 mm. 

This value is, however, probably slightly too high, for in other 
cases when a Rydberg formula is applied to the first two terms in a 
series involving the removal of ans electron, the computed limit is 
usually higher than that given by a Ritz formula for the whole 
series. 

For a number of spectra in which the "S term is the lowest, the 
percentage excess of the ionization potential calculated from the 
first two terms of the S series above that derived from the full series 
is as given below. The ionization potentials for the ionized atoms 
have been divided by 4 to make them comparable with the others. 


Filement \. <. ccossticacek tee Baro Sr” CGS aire Cs Rb K 

1 WA'4, 3 Jen ot WR DEO Oe ZAQ 2.74) 22007 (3274 acon A LOMANa2 
Percentage error....... Spee api “Seten) Seehof Sevicte) Spies) apis. 
Element....... Na Ag Cu Mg Cd Au Zn Hg 
U/2F) teat enee  SsE2 F350. 7560 7200 Stos-—'9.20 6245 eiosco 


Percentage error +-0.6 +3.0 -+-2.2 +3.9 -+4.7 --3.3 +4.1 = 5.1 


The percentage of error evidently increases with the ionization po- 
tential and with the atomic number. From a plot of the data it 
appears probable that the correction for 77 m lies between 1.0 and 
1.5 per cent. The round number 110,000 for a3F,—a4F%, correspond- 
ing to a principal ionization potential of 13.58 volts, is probably as 
good a value as can at present be adopted. 

No previous determination of the quantity has been made by 
physical methods. By the astrophysical method, based on the be- 
havior of the lines of 77 11 in stars of different spectral types, Menzel* 
derived the value 12.5 volts—a good approximation, but, like the 
astrophysical determinations for other elements, a little too low. 

The only other series which might be represented among the 
observed terms in this spectrum involve the configurations (3d)s 
and (3d)’4d with parent term a3F’ in Ji m1; but any discussion of 


* Harvard Circular, No. 258, 1924. 
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these is greatly complicated by the fact that Pauli’s restriction oper- 
ates upon the lower configuration—abolishing a large number of 
the terms which would otherwise appear and perhaps changing the 
energy-levels of the others. Of the four known members of the 
pentad, a4D, d‘F’, a*G, a‘H’, only the second can have a correspond- 
ing lower term, which must be b‘F’. Taking the leading components 
of these terms and referring them to the appropriate limit, a3F,,which, 
with the adopted ionization potential, lies at the height 110,422 
above the origin of measurement for 77 11, we find the term values 
for b4F%, d4F{ to be 109,207 and 41,341, giving the Rydberg de- 
nominators 2.004 and 3.257. These values indicate that the two 
terms are really in series—the lower one being bound with abnormal 
strength, presumably because it forms part of a “structural” group. 
This is the case in other spectra; for example, the analogous terms 
ask’, b3F” in Sc give denominators 2.103, 3.284; and an instructive 
case in 77 I will be discussed later. 

Among the doublet terms of origin (3d)3 the lowest is a*G. If this 
is assumed to belong to the lowest limit, asF’, it gives a denominator 
2.081, while c?G, which certainly belongs to this limit, gives the 
denominator 3.209; but whether the two terms are really in series 
cannot be definitely settled. Higher members of these series may 
well exist, but they would give lines in the Schumann region. 


Qg. CAUSE OF THE COMPLEXITY OF THE SPECTRUM 


In comparing a given spectrum with the spectra of neighboring 
elements, these may be taken either in the same state of ionization 
or in the states in which they have the same number of active elec- 
trons. In the latter case, the structure of the various spectra is 
very similar; in the former, the complexity increases rapidly as the 
incomplete shell of electrons begins to be filled. 

The writer and Dr. Meggers’ have called attention to the great 
increase in spectral complexity which attends the transition from 
the one-electron system of Ca 1 to the two-electron system of Sc 11. 
In comparing such apparently dissimilar spectra, attention should 
be fixed, not upon spectroscopic terms, but upon electron jumps. 
For example, the H and K lines of Ca 1 correspond (in emission) 


t Loc. cit. 
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to the falling back of a 4p electron into a 4s orbit. The correspond- 
ing orbital transition in Sc 1 may be associated with many different 
arrangements or rearrangements of the other electron orbit, and 
may give rise, not to 2 lines, but to 36, while the transition from a 
4p to a 3d orbit gives 3 lines of Ca m1 and 50 of Sc I. 

In 77 u the complexity is much greater. The electron jump from 
4p to 4s, which in Ca 1 gives only two lines—H and K—produces 
in Ji u all the combinations between terms of origin (3d)?4p and 
(3d)?4s, and also those between groups of origin 3d-4s-4p and 
3d (4s)?. From the list of terms in Table IV it may be shown without 
difficulty that the permissible transitions between the terms of the 
first two groups should give rise, theoretically, to 63 lines belonging 
to the quartet system, 107 doublet lines, and 150 intercombination 
lines—a total of 320. The other groups of terms give 20 doublets 
and 16 intercombinations, so that the whole number of possible 
lines corresponding to this single electron jump is no less than 
356. 

The jump from 4p to 3d gives 3 lines in Ca m (the infra-red 
group). In 7i u the transition between (3d)?4p and (3d)3 should 
give 73 lines belonging to the quartets, 140 doublets, and 173 inter- 
combinations, while 3d-4s-4p to (3d)’4s accounts for 34 quartets, 56 
doublets, and 86 intercombinations—a total of 562 lines. 

This computation takes no account of lines corresponding to 
changes in the “azimuthal” quantum number Z by more than a unit 
(such as ?G—*D) or of transitions involving a double electron jump, 
as from 3d-4s-4p to (3d)3. 

When these possibilities—many of which are actually realized— 
are taken into account, it appears that the possible changes from 
configurations containing one electron in a 4p orbit to those in which 
all the valency electrons are in 4s or 3d orbits are capable of produc- 
ing more than 1000 lines in 77 1, as against 5 in Ca . Not all these 
lines, of course, have actually been observed; most of the intersystem 
combinations, and many of those between terms of the same system 
which have different parent terms in 7% 11, are too faint. It is none 
the less evident why the observed spectrum is so rich; the electron 
jump, in this more complex atom, may be accompanied by a great 
number of different arrangements or rearrangements of the orbits 
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of the other valency electrons, each giving a different line. It is clear 
also that, if an atom can do but one thing at a time, the energy 
which in Ca 1 is concentrated into a few lines must in 77 1 be dis- 
tributed over a great many; which explains why there are no en- 
hanced lines of titanium which have the enormous strength of H 
and K. The strongest lines should be, and are, those in which no 
rearrangement of the rest of the atom takes place when the electron 
jumps. The magnitude of the energy change, and hence the wave- 
length of the line, depends mainly on the nature of the electron 
jump, so that all these strong lines are crowded together in one part 
of the spectrum, the near ultra-violet. The leading lines of the multi- 
plets corresponding to the transitions from each of the low terms of 
origin (3d)?4s to the related triad are as follows: 


asf’. ... AN 3349, 3234, 3088 22D) eee AA 3190, 3278, 3239 
bier 3248, 3106, 3332 aA Bierce 3349, 3759, 3685 
Nao gat 3144 biGeree 3261, 3505, 3103 
b*P’.... 3535, 3456, 4805 


The lines corresponding to an increase in the quantum number 
(which are the strongest of all) are given first in each row; thus 
d 3349 is atF’ —a4G’, \ 3234 is atF’—aiF, and A 3088 is atF’—asD’. 

With the exception of b?P’—a’S’, all these multiplets lie within a 
range of 700 A in the near ultra-violet. The principal lines (in the 
first column) range over less than 400 A. 

The jump from 4p to 3d happens, in 77 11, to involve the libera- 
tion of nearly the same amount of energy as that from 4p to 4s. 
In Ca u and Sc m7 it liberates less; in V m1 and Cr um, more. Many 
of the strong lines arising from such transitions in 77 1 therefore lie 
in the near ultra-violet and add to the concentration of strong lines 
in this region; a minority of these straggle into the violet and blue 
and account for the lines which are at present of most importance in 
stellar spectroscopy. 


IO. COMPARISON OF 7% II AND Sc I 


The arc spectrum of scandium should be similar in general struc- 
ture to the spark spectrum of titanium, and, since the former has re- 
cently been analyzed, it is of interest to compare the two. Quartet 
and doublet terms arising from similar electronic configurations 
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have been identified in both, but the relative levels in the two are 
very different; thus the 7D term of origin 3d(4s)? is the lowest of all 
in Sc 1, and the highest of the basal group in 77 um. This, and many 
differences of like nature, make the detailed structure of the two 
spectra appear very dissimilar; but the closeness of their actual 
relationship may be established by means of Moseley’s law. 

As applied to the optical spectra of elements of different atomic 
numbers, but with the same number of valency electrons remaining, 
this law states that the differences of V y/R for corresponding spec- 
troscopic terms of successive elements are substantially constant— 
where R is the Rydberg constant and » the term value (measured 
from its own proper limit). This difference, AV v/R, is almost exact- 
ly the same for all the various terms which can be produced by adding 
an electron of the same sort (e.g., 4p) to different limiting states of 
the atoms of the next degree of ionization; it is approximately the 
same for terms involving the addition of electrons of the same total 
quantum number (4s, 4p, 4d), but it decreases as the total quantum 
number increases. 

Only two of the “three-electron”’ spectra, Sc1, 7iu1,V m,...., 
have been analyzed; but the test given in the last sentence is appli- 
cable. In applying it, it must be realized that a given term in 7% Ir 
may be derived in different ways from different terms in 77 m1. For 
example, the term bP, arising from the configuration 3d-4s+4p, may 
be produced by the addition of a 3d electron to the configuration 
4s:4p of 77 11—and, in particular, to the sP term arising from this 
configuration. It may also be produced by the addition of a 4s elec- 
tron to the *P term arising from 3d-4p, and of a 4p electron to the 
3D term of origin 3d-4s. All three of these terms are known in 
Ti 11," and also the corresponding ones in Sc u,? so that three differ- 
ent values of »v are available for a test. 

The identification of the parent terms is unambiguous in this 
case; but when Pauli’s restriction operates, as in the passage from 
(3d)5 to (3d)?, it is harder to make. Here the terms 4F’, 4P’,*P’,?D, 

* Russell and Lang, Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 13, 
1927. 

* Russell and Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 
558), 1927. 
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*F’, ?G, 7H’, 7D come from 3F’, 3P’, *S, *D, *G. The quartet terms 
can arise only from the triplets. It is natural, though not inevitable, 
to associate 4F’ with 3F’, and 4P’ with 3P’, and this is justified in the 
former case by the series relation discussed in section 8. The associa- 
tions given below for the doublet terms are uncertain. Similarly, in 
the transition from (3d)?4s (4F’, 4P’, 7S, ?P’, 7D, ?F’, 7G) to 3d-4s 
(3D, 7D), the quartets must go to the triplet terms, and the doublets 
may go to either. Fortunately, as is shown below by writing out 
one or two cases, this uncertainty makes very little difference in the 
value of AV p/R. 

The actual comparison is given in Table VI. The various values 
of v are grouped according to the type of electron which is supposed 
to be removed, and again with respect to the electronic configura- 
tions involved. 

To save printing, the letters which identify the specific terms and 
limits of scandium and those for titanium are placed together, sepa- 
rated by a comma; thus in the fourth line the terms a?F’ in Sc 1 and 
a?F’ in 77 m1 are referred, respectively, to the limits aD in Sc m and 
b'D in 77 1m. 

The components of greatest inner-quantum number have been 
used in the calculations. In certain cases of ambiguity, when a doub- 
let term has been referred to alternatively possible singlet and triplet 
limits, the two lines are connected by a bracket. Cases in which the 
term has not been identified in one of the two spectra, or when the 
term value cannot be assigned (as is the case for a‘P’, a4P, and a4S’ 
in Sc 1, which could not be connected with any other terms), are 
represented by dashes. Many such terms which have been identified 
in one spectrum only are omitted to save space. The separations 
between the extreme components of the terms are given in the last 
three columns of the table. 

It is evident that Moseley’s law is very closely satisfied, the only 
serious discordances being for the two terms marked with colons, 
for both of which the assignment to the given electronic configura- 
tion is doubtful. 

Taking means of these differences for the various groups (omit- 
ting the doubtful cases), we have the summary in Table VII. The 
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TABLE VI 
COMPARISON OF Sc I AND Ji II 


Vv/R SEPARATIONS 
oe TERMS Lrts 
Sci Tit Dirr Scr Taax RarTIO 
BO ve ste (3d)?4s 3d-4s 
a, a4F’ a, aD 0.622 ree tisgey || Co) IHeKes 157 303 0.40 
ababe eID Ween ae 2s a eee 81 152 53 
fa, a?F’ a, a3D 597 | 1.144 547 II5 269 43 
la, a?F’ a, btD Ors |ert57 542 
b, a™D a, b'D 600 1.142 .542 |— 12 33a O 
a, b?G a, b™tD 581 1.114 533 |— 3 |= £y/ 
Zhe oe al | GENE (3d)? 
b, b4F’ a, ask’ 478 | 0.998 520 143 308 46 
b, a4P’ a, a3P’ 519 | 1.007 488 80 155 52 
d, b?D b, at!D 508: | 0.982 474 54 129 42 
3d.....| 3d-4s-4p | 4s-4p 
a, b4P b, b3P .826 T3822 . 496 67 103 0.65 
a, c4D’ b, b3P eee |p eG .497 201 161 I.25 
a, @P ; b, b3P ey || he ages . 509: I45 "fk 
a, d?D b, bsP 839 | 1.332 AOS IN E74 Agee 
a, dF b, bsP 812 f23to 498 53 146 | 0.36 
b, eD’ b, b3P 789 r.275 486 148 205 50 
b, e@F b, b3P 785 1.270 485 140 287 49 
AS ict 3d(4s)? 3d+4s 
. cD a, aD .702 1.056 354 168 222m nOn 73 
a, CD a, b'tD ELE O TA 357 
Ase oee (3d)24s (3d)? 
a, a4F’ a, ask’ 657 | 1.003 346 
b, a7D b, a®D 661 | 1.000 339 
a, a?F’ a, ask’ 633 | 0.981 348 
a, b?G a, atG 662 | 0.997 335 
AS aneas 3d-4s-4p | 3d-4p 
a, b4P a, b3P Tie || iecekoe 337 
a, cAD! a, a3D’ Huet || Echt) 335 
eta ed Be a, atP a7 Ae | Lars] 356 
a, d?D’ a, atD’ .762 | 1.094 332 
an d2k a, atF -770 I.104 334 
b, eD’ a, a3D’ .721 1.036 315 
b, eF a, aF 0.715 | 1.034 | 0.319 
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TABLE VI—Continued 


V r/R SEPARATIONS 
agen TERMS Loars Sa a 
Ser Tim Darr. Sci Tia RaTIo 
AD eer: 3d+4s-4p | 3d-4s 
a, b4P a, a3D 0.569 | 0.917 | 0.348 
a, c4D’ a, aD 588 935 347 
a, Cr. a, atD . 586 948 362 
a, d?D’ a, atD .608 946 338 
a, @F a, aD .568 917 349 
b, e?D’ a, aD 516 848 332 
b, ?F a, a3D . 509 840 331 
ADO sc (34)?4p | (3d)? 
b, a4D’ a, a3F’ 489 . 841 352 104 235 0.44 
b, a4F a, ash” 502 .849 347 176 404 38 
a, a4G’ a, a3” 520 855 335 281 696 40 
¢, aD’ a, a3’ 480 846 366 92 269 34 
¢, a2B a, a3” 484 .848 364 125 283 44 
a, a2G’ a, ask’ 486 831 345 95 205 46 
a, a4S’ cee kl ek eth Be eed .858 
c, a4P Cyd el are eres acy Kell eee ree 87 212 4I 
——bAD ||*axase S|ecms a oe OSAMU | ote Cees eee isco: aeatets 235 
d, a?P b, atD 504 .848 ne ee heer 55 
d, b?D’ b, atD 505 .848 343 105 243 43 
—, bE | oye Beal oe eee OAR Arie Ciel 8 as [eesee Sy ones 148 
d, ?F a, a'G 500 .838 329 8 |—158 |— .05 
b, b?G’ a, atG 513 .858 345 31 40 78 
a, a?H a, a'G 514 .846 332 96 235 41 
SS cree: (3d)?5s (3d)? 


d, c4F’ a, ask’ 0.393 | 0.660 | 0.267 163 414 0.39 


corresponding mean differences for two-electron and one-electron 
systems are added for comparison." 

It is evident that the relations are very regular. The configura- 
tion 3d-4s-4p gives somewhat smaller differences than the others. 
If the results obtained from this configuration, which cannot occur 
in the two- and one-electron systems, are omitted from the means, 
the differences become almost identical with those for the simpler 
atomic systems. 

t Russell and Lang, /oc. cit., supplemented by unpublished studies on Ca 1. 
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The separations of the terms in Sc I and 77 1 also show a fairly 
close parallelism. Out of 27 cases (excluding the two doubtful ones) 
the ratio of the separations lies between 0.34 and 0.55 in no less 
than 20. The mean for these is 0.44. The mean ratio of the separa- 
tions for 13 corresponding triplet terms in Sc m and 7% m1 is 0.49 
(omitting one discordant case); for three corresponding terms in 
Sc mt and 7% Vv, it is o.54—a remarkably regular progression. 


TABLE VII 


Mosetey’s LAw 


Added Electron 3d 48 4p 5s 
Configuration (3d)?........ 0.504 0.342 0.346 0.267 
Configuration 3d-4s........ -539 ately R3SL\ alnnyverarctoncue kere 
Confipirationed Ap. oats sen sae eine 5 BIS. > Al scene: clekegarat veel ovenrmeen ie eat ede 
Configuration 48°4p........ SAOS\ 0 | wereccarcaron es lees haute tates | simon eee 
Mean Ji m—Sct.......... o5h2 - 342 - 338 .267 
Mean Sem —Ca'L. oc neces -551 sae .351 n205s 
Mean. Cat —Kt--2 soe 0.535 0.369 0.353 ©. 263 


It is worthy of special notice that the inverted terms in Sc 1 and 
Ti u, which are rather numerous, correspond either to inverted 
terms in the other spectra or to terms of very small separation. 
Whatever influence is at work to produce the inversion evidently 
acts in almost the same way in the two cases. All these inverted 
terms appear to be derived from limits belonging to the singlet 
systems of Sc u or 77 1m. 

There is, however, enough difference between the two spectra 
to show that the laws which govern the magnitude of the term sepa- 
rations must be rather complicated. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
May 1927 
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THE ARC AND SPARK SPECTRA OF TITANIUM 
PART II. THE ARC SPECTRUM, 7: I 
By HENRY NORRIS RUSSELL 


ABSTRACT 


The arc spectrum of titaniwm is complicated. The identified terms include 43 
singlets, 65 triplets, and 34 quintets. Combinations between these give 422 multiplets 
and account for 1394 lines. There are many intercombinations between singlets and 
triplets, and between triplets and quintets, but none between singlets and quintets. 

The lowest term is a 3F’; next come a SF’ and a'D. 

Tables of these terms and of the classified lines similar to those in Part I are given, 
and the methods employed in the analysis are illustrated. 

The temperature classification of the lines is again in agreement with their levels of 
origin, and the Zeeman effect accords with Landé’s theory, except for a few terms with 
abnormal g values. Tables are given for more than 300 lines. 

Hund’s theory accounts for the observed terms in a completely satisfactory manner. 
The electron configurations corresponding to most of them can be assigned with certainty, 
and for the rest, with little ambiguity. 

Seventeen series have been identified which converge to seven different limits, all 
terms of 77 11. 

The tonization potential is 6.81 volts. 

Comparison of the spectra of 7it and Vm shows the similarity of their structure, 
and indicates that the ionization potential of Vm is approximately 14.1 volts. 


I. INTRODUCTION 


The present paper completes the investigation of the spectrum of 
titanium and deals with its most complicated portion—the spectrum 
of the neutral atom. A considerable part of this has been analyzed 
by Dr. and Mrs. Kiess,? who classified more than 350 lines, including 
most of the strongest. They proved the existence of triplet and 
quintet systems, and suspected that of singlets as well. The lowest 
term is a °F’, the next SF’, followed by a*D, a 3P’, and a second 3F’. 
About fifty multiplets were identified, resulting from combinations 
of the low triplet terms with higher ones of types S’, P, D’, F, and G’; 
quintet D’, F, and G’ terms combining with the low ‘SF’ term were 
found, and intercombinations between the triplets and quintets. A 
sP’ term, combining with ‘S’, SP, and ‘D’ terms, was also found, 
but was not connected with the rest of the scheme. 

t Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 

2 Journal of the Optical Society of America, 8, 607, 1924. £ 


381] I 


2 HENRY NORRIS RUSSELL 


The present investigation (which, as has previously been stated, 
was begun without the knowledge that Dr. and Mrs. Kiess were 
working on the spectrum) has confirmed their results in almost every 
detail. The low terms which they found are the most important in 
the spectrum, and almost all their higher terms have been verified. 
Both the triplet and quintet systems have, however, been much 
extended in the course of the present work, and the system of singlets 
has been worked out in detail. The terms now identified number 43 
singlets, 65 triplets, and 34 quintets, or 142 in all, while the number 
of component levels, or separate energy states in which the neutral 
titanium atom can exist, which have actually been detected is 364. 
The combinations between these terms give rise to 422 multiplets 
and account in all for 1394 lines. Numerous intercombinations occur 
between the singlets and triplets and between the triplets and quin- 
tets, but none have been found between the singlets and quintets. 


2. METHODS OF ANALYSIS 


The analysis of so complicated a spectrum is not always easy, 
and some account of the methods employed may be of interest. A 
complete list of lines attributed to 77 I was prepared, and the wave 
numbers plotted on strips of co-ordinate paper, by means of lines 
drawn both above and below a longitudinal axis to a distance indi- 
cating the strength of the spectral line. The strips were then cut 
apart along their axes. By shifting one part past the other, after 
the fashion of a vernier, the search for pairs of lines with identical 
frequency differences was greatly facilitated. Strips 50 cm long on 
a scale of two frequency units per millimeter were found convenient. 
With their aid it is just as easy to “comb” the spectrum for a large 
known difference of several thousand units as for a small one, the 
lower half of one strip being set against the upper half of another at 
the appropriate shift. The temperature classes of the lines were indi- 
cated on the strips and all identifications were marked on them as 
fast as they were made. This method is particularly well adapted to 
the discovery of skew-symmetrical multiplets, and most of the im- 
portant terms were found in this way. The isolated group of lines of 
class I near \ 5200, for example, led to the recognition of the lowest 
term (later known as a3F’). Upon combing the spectrum with its 
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frequency differences, 216 and 170, more than a dozen multiplets 
were found, each fixing a higher term, and, searching next with the 
characteristic interval separations of the strongest of these higher 
terms, the low terms b3F’ and a3P’ were found. Up to this point the 
L values for the various terms were unknown, but new combinations 
of the last-mentioned term were clearly PP’ and PS groups, and the 
nature of the other terms followed. 

The 5F’ and SP’ terms were found in a similar fashion, aided in 
the second case by the Zeeman patterns, which are widely resolved. 
These two terms afford an excellent illustration of the separation of a 
given system into subsystems, each composed of terms having the 
same limit in the spark. The higher terms which combine strongly 
with the sP’ terms combine very weakly with the SF’, and vice versa. 
In such a case the multiplets resulting from combinations between 
the two subsystems may be so faint that only the strong “diagonal” 
lines are observable, and no satellites are available to exhibit the 
characteristic separations. The diagonal lines themselves, however, 
may be identified by their own separations, which are the differences 
of the separations of the components of the terms involved. For 
example, the low 5F’ term and the 5D’ term, which combines most 
strongly with the SP’, have the separations 


LU ee 100.21 81.79 62.17 41.07 
S aera ers 104.56 75.81 49.38 24.36 
DD ifivaorrt crecroe —4.35 + 5.098 +12.79 +17.61 


Since the terms are “regular,” i.e., the component of greatest inner- 
quantum number is at the highest level, the differences in wave 
number of the diagonal lines in the resulting multiplet will have the 
signs and values given above. By plotting five lines with these rela- 
tive separations on a bit of paper and running this along one of the 
sets of strips mentioned above, it was very easy to find the following 
group of lines: 


Intensity. . 4 ii 311A 2TlA rIIIA pe UT ZA 
Dian Siete tis 28014.47 QIO.12 916.14 928.94 946.53 
FAN Re Oe Bae —4.35 +6.02 +12.80 +17.50 


which must evidently be the desired combination. In this particular 
case, some of the satellites have been observed, and the group could 
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have been found by their aid; but in many other cases the method 
here suggested is the only available one. 

This method is useful only for finding the connections between 
groups of terms which are already known. For the detection of new 
terms a similar method, which has proved very useful, may be illus- 
trated by the search for a high 3F’ term. If such a term exists, it may 
be expected to combine with the lowest of the “middle terms” which 
themselves combine with the low 3F’ term. The term values for 


these terms, as already found from their combinations, are: 


Difference Difference 
aD)... 20126.13 552.17 a3F,.... 19573.96 2165.73 a3G{... 21739.69 
a3D}... 20006.08 584.48 a3F;.... 19421.60 2166.86 a3Gj.... 21588.46 
asD{... 19937.88 614.90 a3F2.... 19322.98 2146.55 a3G3... 21469.53 


The leading component 3F, of the suspected term should combine 
with the leading components of these three terms, giving lines which 
should be the strongest in their different multiplets and should have 
the frequency differences indicated above. The other components, 
3F’ and 3F, should each give three lines near the first three and re- 
lated by the corresponding frequency differences. A search for these 
differences reveals the lines 
Difference Difference 

17698.51 (SIV) 552.28 18250.79 (8III) 2165.75  16085.04 (20 III) 
17653.88 (4 III) 584.42 18238.30 (6III) 2166.73 16071.57 (12 III) 
17600.92 (2 III) 614.81 18215.73 (§ IIL) 2146.67 16069.06 (8 III) 


A single coincidence of a frequency difference with a predicted value 
may well be a matter of chance—and a number of remarkable in- 
stances of this sort have appeared in the present work, sometimes 
leading it astray; but such coincidences as these, confirmed by the 
relative intensities and temperature classes of the lines, are all con- 
clusive evidence of the new term (which is called c3F’ in Table I). 
By the application of these methods many additional terms of the 
triplet and quintet systems were found. Many faint lines, especially 
intercombinations, were found in the predicted places upon photo- 
graphs of the spectrum prepared by Mr. King and Mr. Ellerman, 
and some, as faint solar lines greatly intensified, in the sun-spot 
spectrum, which were confirmed later on the laboratory plates. 
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Measures of these have added about 165 lines to the list of those 
known to belong to 77 I. 

When all this had been done, a great many strong lines, some of 
them of classes I and II, remained outside the scheme, and both the 
isolation and the Zeeman effect of these lines confirmed Dr. and 
Mrs. Kiess’s suspicion of the existence of a system of singlets, and 
showed that it must be extensive. The analysis of a singlet system is 
much more difficult than any other, for neither satellite separations 
nor Zeeman effects are available. Realizing this, the consideration 
of the subject was deferred until near the end of the work. By this 
time a considerable number of pairs of lines had been identified, 
which by their separations and temperature classes indicated that 
they were probably due to transitions from known terms of the 
triplet system to unclassified levels, which might well belong to the 
singlet system. 

The outstanding lines were then examined for constant frequency 
differences, and two pairs of strong lines were found almost at once, 
with frequency differences of 1299.93 and 1299.92, which were sepa- 
rated by 6169.16 units. Many other pairs with separation 6169 were 
then found, showing that this must be the separation of two impor- 
tant low terms, while that of 1299 belongs to higher terms. Moreover, 
a separation of 1299.93 was found between two other lines, one of 
which belonged to a pair already identified as a combination with a 
low 3H’ term. The energy level for this term, and later for all the 
new singlet terms, could then be computed, and many other inter- 
combinations with the triplets were found. Search among the re- 
maining single lines, with the aid of the frequency differences of the 
higher singlet terms, resulted in the discovery of the lowest level in 
the singlet system and the classification of a number of conspicuous 
low-temperature lines arising from this level. More than twenty 
intercombinations with the triplet system were found, which defi- 
nitely fixed the inner-quantum number 7 of this lowest level as 2. 
It is therefore recorded as a*D. 

The two low terms first mentioned combine with substantially 
the same higher terms, so that they must be of the same type. Their 
intercombinations with the triplets show that their 7 is either 4 or 5, 
and the fact that they combine with a number of terms which also 
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combine with a'D settles that 7=4, and that the terms are G, a‘G, 
and b'G. The higher terms just mentioned must be 'F terms; the 
others which combine with the G’s must be G’ or H terms. Another 
low term, which combines with these and not with the ‘F terms, is 
clearly of type *H’. A number of high terms combining with a*D but 
not with the G terms were identified by means of their intercombi- 
nations with the low triplet terms, those which combined with a°F" 
being evidently 'D’ terms, and the rest, which combined with a3P’ 
only, being recorded as 'P. This assignment was later confirmed by 
the discovery of low 'P’ and ‘S terms. A number of still higher terms 
were also identified by combinations with those of the middle levels. 
The only strong outstanding line, \ 5120, was finally identified as 
atH’—atl’ by means of a very faint intercombination a3H;—a'l’, 
which was found in just the predicted place on King’s photographs. 
The discrimination between the 'H and %G’ terms which combine 
with the low 'G and 'H’ terms was difficult. The terms a'G’, d'G’ 
were identified by combinations with a3F’; and b* G’, c'G’, a‘H, b*'H 
by the Zeeman patterns of their combinations with a%Hj, which 
showed that, for the first two, 7 was 4, while for the others it was not. 
Of the remaining terms e'G’, f'G’ combine with a'F’. The identifica- 
tion of a'F’ itself is not free from ambiguity; so far as the observed 
combinations go, it might be a G term; and the fact that an F’ term 
fits much better into Hund’s theoretical scheme has largely influ- 
enced this assignment. 

All told, even terms of types S, P’, D, F’, G, and H’ and odd 
terms S’, P, D’, F, G’, H, and I’ have been found in the singlet sys- 
tem. A few outstanding, rather weak, isolated lines may be singlets, 
belonging here or in other places where they could be identified only 
by intercombinations much fainter than themselves. 


3. TABLES OF TERMS AND LINES 


A complete list of the terms which have been identified and those 
with which each term combines is given in Table I. The energy 
levels are counted upward from the normal state a3F’. The largest 
number of them of any sort is 13 for *D’; half of the alphabet is 
used up merely in labeling these terms for identification. The lowest 
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term, a3F’, gives observable combinations with no less than 52 
others; a3P’ combines with 41, and a'D with 38. 

Almost all the terms are regular, only three being wholly or par- 
tially inverted. Landé’s interval rules are roughly obeyed, but there 
are noteworthy exceptions, such as c3P’, a3H’, c3P, esD, and c&D’. 

It may be remarked that c3Sj and iD; have the same value. The 
combinations, especially with a3P’ and b3P’, show that there are 
really two different lines here, which are accidentally coincident. 
As in Part I, the numbers assigned to the multiplets in Table II 
are given below the combinations in Table I. 
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TABLE I 


Ti 1 TERMS AND COMBINATIONS 
ee eS ee 


Type | Term Combinations Type Term Combinations 
Shh Al Seca Seey || eee feet aD Cae bG,...| 18287.62| bF cF dF {fF b@’ 
127 222 228 205 40 ILS) LyAN 32m oF 
aPi...| 20062.98 | aS’ aP bP cP dP cG’ dG’ eG’ fG’ aH 
fo GML AB hiaiay” Vaal 144 I9r 248 208 62 
eP cD’ dD’ eD’ bH £G’ BH GH 
197 45 217 219 196 199 76 I51 
pei 53062492" |tas0 a Dee ce cGy...| 46068.04 | aF aG’ 
AQ VOL 740 218 160 


DEA sl ese BP bPece 2 dP wee 

a 7255.29 i ne ee Be ee dG,...| 52125.98 | aF aG’ bG’ 
aD’ bD’ cD’ dD’ eD’ 325 2860 57 

aF bE ee se er aH{...| 20795.65'| bG’ cG’ dG’ eG! 4G 
; tay At 
46 255 6 8 go 132 I96 

{F ais’ 30 aie mee aH bH cH al 
1414 83 256 327 374 32, 137 215 122 

{3p BP b3D’ GD’ dD’ 
388 se. 95 134 193 bHE:. .| 45485 .35 | aG’ 
eD’ £D’! g3D’ h3D’ i3D/ 150 
225, 340 351 370 378 |i acy 
3D’ kD’ BF fF h3F Ore « 
275 338 385 


.| 38200.94 | aP’ bP’ 


apr. | 33000073) abe ab dD vase’ 
24 2690 64 245 
bD;z...| 20209.64| cP dP eP eD’ bF 
216 18 bPr...| 34947.02 | aS aP’ bP’ aD_ asP’ 


| 104 II4 195 
cF dF eF 127 44 I0r 201 266 
79 133 161 
; } cPr...| 39078.00 | aS_ aP’ bP’ aD bD 
cD2...} 44581.16 | aD’ bD’ aF 222) ULt Ale esOnmeron 
| 186 71 179 a3P’ 
dD,...| 50r28.08 | aP_ aD’ aF Ss) 
| 64 299 293 dP:...| 39265.80| aS aP’ aD bD asp’ 
aF{...| 29818.31 |eF fF eG’ fG’ 228 115 365 114 342 
8 
Ne Ee ePr...| 42927.55 | aS aP’ aD bD asP! 
bF{...| 41087.31 | aD’ aF aG’ a3F 295 197 395 195 386 
|} II0 Too 61 165 
oo, Gesu aDi...) 22081.15 | aD cD dD bE’ cF’ 
Beers: 80s | aF aG’ AZ) 280 209) TIO eas 
235 230 173 a3F’ 
169 


146 252 300 317 306 || bDs...| 27906.91 | aD cD aiP’ asF’ 


aGy...) saci ho cF dF eF fF 
| 143 7I iIt7 204 


189 308 366 177 121 


Term Combinations Type | Term 


-| 35035. 


bF;. * 


fol ee 


‘all Re es 
CA ae 
LS ane 


BG. 5. 


bGj... 


CGi. ... 
dGi.-. 
eGi... 


EGiee-se 


.| 43710. 


-| 43799. 


22404. 


32857. 


37622. 


40303. 


41585. 


48365. 


24694. 


36000. 


38950. 


40883. 


43074. 


46257. 


a 3 


28 


Si 


69 


76 


63 


04 


24 


09 


81 


25 


on 


67 
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aD 
296 


aD 
398 


aD 
401 


cD 


179 
dG 


325 


bD 
18 


bD 


a3P’ 
270 


TABLE I—Continued 


ask’ 
391 


bE’ 


Ioo 


bG 
40 


bG 
118 


bG 
174 


aG 
317 
bG 
332 


cG 
160 


aH’ 
47 


b3F’ 
285 


aH’ 
198 


an’ 
251 


cF’ 
230 


ash’ 
372 


a3P’ 
3II 


dG 
286 


a3G 
149 


a3H’ 
152 


a3H’ 
301 


aH;... 


b3P2... 
De Pras 
b3P6... 
(el Ase 
rel Mina 
ro ef nee 


dsP3.. . 


a3D,... 
a3D>... 
aD... 


34700. 
.| 41039. 
.| 44163. 
.| 40319. 


8602. 
109. 
8492. 


55. 
8436. 


PART II 


31 


9 


Combinations 


bG 
62 


aH’ 
32 


aH’ 
137 


b3F’ 
369 


dsp 
I24 
£3D’ 
I40 


dF 


58 
bsS’ 
129 


bsF’ 
200 


a3sH’ 
203 


eP 
201 
g3D’ 
156 
er 
68 


a3H’ 


£3P 
232 
h3D’ 
178 
fF 
135 


389 


D3... 
cD... 
a3ky... 
asFY... 


a3Fy... 


bIF%. .. 
DEY... 


b3F%. . 


cEY... 
GF... 


cory... 
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TABLE I—Continued 
rrr So 
Combinations 


Combinations 


11776. 
ie yee 
11639. 
Ios. 


A (ie Wye we 


oe 
72 
97 | 
.26 

nya 


d3D’ a3F asD’ 
107 314 333 


a3P b3P asd’ 

247 355 126 

d3D’ eb’ fD’ 

319 343 405 

8D’ 38D’ k3D’ 

4IO 415 416 
b3F 


T12 230) 275 
BF gk h3F 
403 407 413 
a3G’ b3G’ 3G’ 
157 284 320 
BG’ 8G’ asH 


412 419 353 
eCDy Faber 
391 175 372 
dG’ asS’ asP 
4AII 243 288 
cD’ dsD’ asF 
393 65 


b3D’ cD’ d3D’ 


ry 
gD’ h3D’ i3D’ 
pyesa Gloyp. cha 
3D’ m3D’ b3F 
371 379 22 
BF fF gk 


182 259 274 
b3G’ 8G’ d3G’ 


54a OAM T23 
cG’ aH cH 
285 200 369 


b3D’ a3F GF 


bsD’ 
246 
gD’ 
408 
sD’ 
418 
dsF 
376 
BF 
417 
d3G’ 
347 
ab’ 
169 
cF 
404 
asD/ 
oI 
bsF 
302 


e3D’ 
119 
8D’ 
339 
oF 
48 
BF 
362 
3G’ 
257 
asS’ 


a3G’ 


Type 
aE... 


d3FY... 
aBF4... 
ers... 
eri... 
Fy... 


TSE cere 


ek... 
Fi... 
a3Gs... 
a3G,... 
a3G3... 


bsD’ 
33 


a3D’ 
171 


b3F b3G’ 
38 8=612 


aF a3G’ 
187 139 


a3F a3G’ 
280 238 


aF e8F 
97 105 
BE = b3G’ 
303 15 
8G’ aH 
Bye) fe) 
cF bG’ 
184 149 


b3F a3G’ 
3 OL 


dG’ eG’ 
20 120 
bH GH 
80 153 
{G’ aH 
301 69 


asD’ asF 


212 


iF 
188 
3G’ 
42 
b3H. 
138 


£3G’ 
205 
asl’ 
I4I 
bH 
203 


240 


gk 
213 
3G’ 
59 
cH 
224 
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Type Term Combinations Type Term Combinations 
a3St...| 24921.19 | a3P’ d3P’ a3F’ aD a3Dj...| 20126.13 | a3P’ d3P’ b3D cD a3F’ 
60 159 242 83 120.05 | § 260 305 318 126 
a3D}...| 20006.08 | c3F’ e8F’ fF’ 
b3Sz...| 35439.43 | a3P’ b3P’ 68.20 | 82 171 268 
276 «78 a3Dj...| 19937.88 
CSt...| 40844.19 | a3P’ b3P’ c3P’ b3Dj...| 25643.76 | a3P’ a3F’ b3F’ c3F’ d3F’ 
367 194 170 2OAs72 72 "6246 728. 7383s 
b3Dj...| 25439.04 |} aD aSF’ 
d3St...| 44857.89 | a3P’ 121.16 | 95 102 
397 b3Di...| 25317.88 
a3P2...| 25493.78 | a3P’ a3F’ bsF’ c3Di...| 27480.14 | a3P’ a3F’ b3F’ aD asP’ 
—43.61 | 73 247 30 62.04 | 103 283 52 134 21 
asPy...| 25537-39 c3Dj.. .| 27418.10 
; - 62.04 
b3P,...| 31805.94 | a3P’ b3P’ a3D a3F c3Di...| 27355.16 
80.19 | 206 27 35 355 
bsP,... Blea d3Dj...| 29912.33 | a3P’ b3P’ b3D a3F’ b3F’ 
143.63| 155 7 107 319 88 
b3Po.. .| 31685.90 d3D3...| 29768.70 | aD aE” 
C3P,...| 33114.49 | a3P’ c3P’ a3D aD aD!... eee ort 


23.94 | 233 34 51 256 
e3Df.. .| 31206.08 | a3P’ b3P’ c3P’ a3D a3F’ 


De 85. 15.30 | 190 19 14 26 343 
oe eer ae eDj...| 31190.72 | bsF’ aD 
dsP,...| 37325.47 | ah’ GP’ a3D aD asP’ 6.71 | 119 225 


152.44 | 304 93 124 327 210 || &Ds...| 31184.01 


82.38 f8D{...| 38159.71 | a3P’ b3P’ a3D a3F’ b3F’ 
d3Po.. .| 37090.65 182.93 | 315 131 140 405 265 
{3D3...| 37976.78 | aD 
@P2...| 40467.04 | aP’ GP’ a3D aD ; 124.87 | 340 
82.46 | 358 164 201 374 fDi...| 37851.91 
e3P,...| 40384.58 
14.82 g3Dj...| 38764.96 | a3P’ b3P’ a3D a3F’ b3F’ 
ePo...| 40369. 76 65.01 | 331 142 156 408 281 
g3D}.. .| 38699.95 | aD 
£P,...| 41928.59 | a3P’ b3P’ a3D aD : 45.72 | 35% 
/ —15.36 | 377 220 232 388 BDi...| 38654. 23 
f3P;...| 41943.95 
: —I5.51 h3Dj...| 39715.51 | a3P’ c3P’ a3D a3F’ b3F’ 
f3Po...| 41959.46 29.41 | 349 148 178 409 207 
h3D...| 39686.10 | aD 
g3P....| 45178.06 | a3P’ b3P’ cP’ a3D aD 23-95 | 37° 


87.33| 400 279 264 290 406 h3D{...| 39662.15 


3P,...| 45090. 73 
eet 50.03 i3D4...| 40844.19 | a3P’ b3P’ c3P’ a3D a3F’ 
g3Po...| 45040.70 173.59 | 363 185 166 208 410 
13D. ..| 40670.60 | b3F’ aD 
: 114.53 | 312 378 
BDf{...| 40556.07 


391 


2 


| 314 


fF’ 
280 


bsD 


192 


a3Fk’ 
239 


| a3F’ 
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Combinations 


Combinations 


asD 
236 


a3k’ 
416 


a3’ 
418 


ash’ 
421 


oD 


33° 
Se 
289 


b3F’ 
22 


b3F’ 
48 


ask’ 
376 


a3F’ 
382 


a3’ 
415 


bE’ 
341 


b3E” 
371 


b3F’ 
379 


ask’ 
Etz 
b3G 
67 


d3F’ 


38 


C3’ 


168 


b3F’ 
182 


bsF’ aD 
339 389 


aD 
390 


a3G ask’ 


a3G 
97 


aG aD 
105 275 


Type Term 
PE... .| 37852-47 
108.51 
fF ;...| 37743.96 
89.19 
£F,...| 37654.77 
g3F,...| 38670. 73 
120.35 
F3...| 38544.38 
93.09 
8F....| 38451. 29 
h3F,.. .| 41624.13 
166.51 
h3F;...| 41457.62 
120.19 
h3F,.. .| 41337-43 
BF,...| 43744.55 
. IOI.4I 
BF3...| 43583.14 
; II5.59 
BF2...| 43467.55 
pF,...| 45041.02 
‘ 118.02 
PF3...| 44923.00 
; 97 «74 
PF2...| 44825. 26 
a3Gf...| 21739. 69 
LE PE; 
a3Gj...| 21588.46 
II8.93 
a3Gj...| 21469.53 
b3G4...| 27750.16 
135-45 
b3Gj.. .| 27614. 71 
I15.80 
b3G}...| 27498.91 
C3GL.. .| 30039.35 
68.22 
OGi...| 29971.13 
50.34 
Gj...) 29914.79 
dGf...| 31628.76 
139.27 
d3G}.. .| 31489.49 
I15.64 
d3G3...| 31373.85 


a3D 
223 


a3k’ 
417 


ask’ 
420 


ask’ 


157 
b3G 


37 


ask’ 
284 


a3P’ 
158 
ask’ 
207 


ask’ 
347 
aG 


I21I 


a3D 
135 


a3D 
154 


123 


ask’ 
403 


ask’ 
407 


a3G 
262 


a3G 
303 


e3F’ 


139 
bsH’ 
227 


dsF’ 


I2 


bsF’ 
94 


aG 
59 


bsF’ 
259 


bE’ 
274 


aD 
385 


f3F’ 
238 
gsF’ 
273 


a3G 
15 


a3G 
42 


a3H’ 
20 


aaG 
213 


220 


392 


II2.53 


-| 42611.58 
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ask’ 
402 


a3’ 
412 


a3Fk’ 
419 


a3’ 
353 


aG 
138 


a3G 


224 


a3G 


272 


a3H’ 
I4I 


asS/ 
4 
csD’ 
55 


as)’ 
226 
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Combinations 


b3F’ 
257 


b3F’ 


321 


bsS’ 
2If 
dsD’ 
163 


aiG 
183 


a3H’ 
205 


a3H’ 
261 


a3H’ 
29 


bG 
76 


aG 
282 


a3H’ aD 
120 334 


aD bG 
383 199 


bG 


I51 


bsP bsD’ 
181 9 
cD’ 

2 


PART II 


as’ 
214 


asD’ 


asD’ 
145 


Combinations 


asF a3F 
244 192 


bsF 
50 


asf 
346 


asF 
360 


bsD’ csD’ 
II3 209 
bsF  bsG’ 
172 128 
GF b3G’ 
136 147 


asF asG’ 
109 130 


asF asG’ 
176 202 


dsD’ esD’ 
307 392 
bsD’ d3D/ 
102 204 
3G’ 
207 


bsG’ 
16 
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I4 
TABLE I—Continued 
Type Term Combinations Type Term Combinations 
dsFi...| 43330.07 | aSD’ aSF bSF asG’ c5Ge...| 47446.84 | aSF asG’ 
98.08 | 234 258 39 278 166.15 | 328 344 
dsFi...| 43231.99 CG;...| 47280.69 
83.84 140.83 
dsFS...| 43148.15 eGy...| 47139. 86 
67.23 109.58 
dsF4...| 43080.92 c5G3.. .| 47030. 28 
46.84 86. 37 
dsFi...| 43034.08 CG2...| 46943.91 
3 Oe 6157.76 | aSD’ asSF  asG’ 
: 150.14 287 309 324 ECE) A825 e AT aC 
esF i... .| 46007.62 114.00 | 348 357 
114.36 dsGs...| 48119.47 
SF! IOI. 39 
ek. es dsGy...| 48018.08 
esFY...| 45813.01 81.29 
5 7 ee dsG3... 47938.79 
SFY. 64. _ 
esky 45704.71 dsG2...| 47870.61 
fsFé. 47777.32 | CSD’ bsF 
85 106 F a5H}...| 42205.59 | aSF asG’ 
gsFs...) 48462.11 | aSD’ aSF aSG’ a3G’ SH: 81.82 | 241 254 
133.30 | 322 350 364 273 See he 
gsFj...| 48328.81 : 105.76 
119.04 asHe... eae 
SFi...| 48208.87 100.9 
Bens 10r.45 asH}...| 41917.05 
gsF4...| 48107.42 ; 93.86 
48.57 asHj.. .| 41823.19 
SFi...| 48058. 
Cel HeOsEBS bSH4. .| 44134.65 | bSG’ 
hsFi...| 48771.73 | aSD’ aSF asG’ 83.28 | 75 
99.07 | 329 352 368 bsH6...| 44051 .37 
84.38 bsSHé. . : 
hsFi...| 48588. 28 ty ls socagies 
69.07 bsH4...| 43901. 74 
hSF4...| 48519. 21 57.02 
aSG¢...| 42019.22 | aSF aSG’ bsH§...| 43843.82 
I15.74.| 237 25 
asGs... pees: a csHj.. . es asF aSG’ a3G’ 
84.78 ; 150.00 | 345 359 263 
asG,...| 41818. 70 CH6...| 48106.83 
61.23 ; I12.51 
aSG;...| 41757.47 | CHS... 47994.32 
43.12 : 80.71 
asG...| 41714.35 cSHj.. .| 47913. 61 
oe 
bsGe...| 45904.73 | bSF  bsG’ csH}... eres 
I48.28 | 74 108 
bsG;... eek asS2...| 25102.88 | aSP’ a3P’ a3F’ b3F’ 
J: 
bsGq...) 45711. 28 4 66 243 23 
2T. 39 bSS;...| 37359.13 | aSP’ a3P’ P’ a3sD 
bsG;...| 45689.89 211 306 96 129 
$e 
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asp’ 
25 


asp’ 


SS 
a3’ 


323 


asP’ 
163 


TABLE I—Continued 


Combinations 


a3P’ 
116 


a3P’ 
202 


bsD 
214 
csk’ 
145 
b3D 


333 


asl’ 
113 


csD 
36 

bs’ 
92 


ask’ 
3°07 


ask’ 
288 


dsD 
310 
dsF’ 


234 
ask’ 


gI 


asp’ 
77 


asf’ 
209 


a3’ 
393 


esD 
335 
esk’ 
287 
es’ 
212 


ask’ 


249 


fsF’ 
85 


ask’ 
fa 
gk” 
322 


asp’ 
162 


Type 


Di... 
esDj... 
esD3... 
elias 
dD 
ask... 
asFy... 
asF3... 
asF.".. 
asF,... 
bSFs.. . 
bSF,... 
bSF3.. . 
DSP... 
bSFy.. . 
asGé.. . 
asGi... 
asGi... 
asGi... 
aSG}... 
bsGé.. . 
bsGé... 
bsGj... 
bsG3... 
bsGi.. . 
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PARINIT 


ask’ 
392 


bsD 
244 
csk’ 
176 
asG 


237 
bsD 


356 


csD 
50 
ask’ 
302 


bsF’ 
130 
hsF’ 
368 
cSH’ 
359 


ask’ 
128 
b3F’ 
45a 


15 


Combinations 


dsD 
346 

ds’ 
258 

OG 

328 

ash’ 
65 


ask’ 
172 


cs’ 
202 
asG 


253 
asf’ 


53 


cs’ 
10 


dsF’ 
278 
SG 
344 


bsG 
108 


es” 


324 
dsG 


357 


bsH’ 
75 


bsF’ 
109 
hsk’ 
352 
csH’ 


345 


bsG 
74 


gk” 
364 
asH’ 


254 


ash’ 
267 
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Table II contains all the lines of Ti1 which have been classified, 
and all the unclassified lines of intensity 3 or more on King’s scale, 
or 2 or more on that of Meggers. The first column gives a reference to 
the source of the measures (see notes at end of the table) ; the second, 
the observed wave-length; the third, the excess in units of 0.01 A of 
this above the value computed from the term values of Table I. 
The fourth column gives the intensity, and the fifth the temperature 
class. When the latter is given, both data are taken from King’s 
paper (or in a few instances from estimates made by the writer on 
the photographs, in which case the intensity in the furnace and the 
temperature class are given in brackets). Otherwise the intensity is 
that given by the observer mentioned in the first column. These lat- 
ter intensities are far from homogeneous, but, as most of the lines are 
faint anyhow, it isnot worth while to attempt to correct them. They 
are given in parentheses in the table. The sixth column gives the 
vacuum frequency, v; and the seventh, the terms whose combina- 
tion accounts for the line—two entries, in the cases where there is good 
reason to believe that the line is an unresolved blend. In the last 
column is an index number to facilitate the identification of the 
multiplets. The first line in the table and all lines in the same multi- 
plet are numbered “‘t”’; the next unappropriated line and all in the 


(Te 


multiplet to which it belongs, ‘‘2”’; and so on. 


396 


ARC AND SPARK SPECTRA OF Ti. 


Source 
Once nara oe 9787 
ONS Seer 9770 
Donowaee 9743 
ba RS 9728 
Teetave dey 9705 
Lee ier tas A 9675 
De syeatare rs 9647 
see 9638 
Digaere ores 9599 
Tessa sci'ets 95406 
Teese siotecd 9285 
Ee Cee 9257 
TEA Oe ee 9246 
Teper tector: 9167 
Te iis et 9123 
Dee eca ste ¥ gogo 
1 ee Ana 9027 
Deccan 8989 
Gigs bn seid 8766 
Dies cveer ot 8734 
Mivares cee eyes 8692 
5 aera ae 8682 
Tsvsha tose vis 8675 
Lavele acs 8548 
Tier seat cts 8539 
1 Rae ora 8518 
Teeny fe 8495 
Tocepe rst ors ads 8468 
Dees ieiniints 8467 
TD ectaetets ec: 8457 
Te sperees ee 8450 
Diesjersa:s sie 8438 
Paarentecsis 8435 
i ee eee 8434 
Paces 8426 
a ee 8412 
TO nate Ni 8402 
TD tecanatents « 8396 
1 a 8382 
Re ace 8382 
Tara tcee sien 8377 
Dooce k 8364 
Tarsieie 8353 
Digereatery ee 8334 
Ties oractrcs 8312 
ecreape ects 8311 
Eee, ere 8307 
Tleeta es 8306 
Bij 7da aier 8207 
Te ep err aree 8180 


.60 
. 20 
.58 


Peace | 


Semel tke i) 
H 
CON COW BRHUENNHNDHNHNO OHNO OO OW OF DAOW COW 


Leal 


WOU 
H 


totrste| 


dS 


Lal 


H 


TABLE II 


Ti I—IDENTIFIED Arc LINES 


Obs. 4 (LA.)] gic 


a en 


[Ft 1++++ | 


DHHHABRBRH AH OW ND HH HRNHDHPHRAYD 


Tem 
Int. Class s 
(Sy ds Ea 10214. 22 
Coes lear res 10232.40 
Gilad i eee ne To 10260. 36 
‘9 im | rea eters 10276.44 
Gu eee 10300. 48 
(CE) en Sees oe 10332.48 
GAMO Van eerie 10362.48 
CARY Pe ge oe 10372.47 
Gy | eae IO414.42 
Ce BY eee 10472.65 
Ge) oe 10767.08 
Ker Ye | eer eee 10798.95 
8 Seca 10812. 31 
I eet ene I0Q05.05 
G3 hed Bere 10958.19 
CT) ahs essere 10997. 26 
(eel [emer 11074.50 
Cilease ne III21.16 
(>) Ae 11403 .82 
Gale a eae ete = 1I445.47 
rye S| eas wee T1501. 28 
XD) a cn ors II513.60 
(C2) Pk Bee rcee as 11523.78 
OOM noe arene 11695.35 
CT) co Steaks I1707.35 
(A) oe | oayckereetare 11736.35 
\ XG) | eres 11767.09 
(3) SN 2 thowes ators 11805 .30 
CO) el oe ee 11807.14 
(hy eee tots a 11821. 24 
oe eee 11829 .82 
Cae Se seed 11846.64 
(ce) krone T1851. 21 
(Hh) Qi teeene 11852.26 
(Galina as 11864.13 
(3) in | eae ere 11884.04 
(OBER ee 11898.00 
5 aa (Gee Se eee 11905 .96 
2) || ee ee I1926.03 
(oyPalK seers. 11920.42 
(2) alee oe ee I1932.99 
(2) glare ae I1952.46 
Chet Basen 11908. 30 
(2) eel es IIQQ5.15 
(2) eae ees 12026. 21 
(Ca eae ee oe 12027.92 
(Ga wl beg rese ces 12034.15 
(eb) a ei sees 12035.80 
(arnt:) Ree ees 12180.91 
} G23) a Gaerne 12220.92 


PART If 


Designation 


asF3—asF, 
asFi—asF, 
asF{—asF, 
asF4—asF, 
asFi—asF, 
asFi—asF, 
aslF4—asF, 
as —asF 
aSFi—asF, 
asFi—asF, 
GF, oo OFS 
OF,—F; 
b3F, oa b3G; 
b3F, a b3G, 
b3F,—b3G, 
aSP4§—asS} 
aSPi—asS/ 
asP{—asS} 
a3Pi—a3D} 
a3P{—a3Di 
a3P{—a3Dt 
a3P{—a3D4 
a3Pi—a3D} 
a3G,; a OF, 
bsPi{—d3D 
aGy,— GF; 
eee 
ak’—eF 


17 


Multi- 


Le] 
= 
oO 
co 


AON ANT ANMNNANABBRWWW HD HH HHH HHH 


ol bee © By © ere 6.8 6.66) 6) e ecehelm « 


asP{—bsDj 
a3H{—c3Gj 
asH6—c3G! 
asF4—asD4 
asF{—asD} 
asSFi—asD} 
asF3—asDy 
a3Hi— Gs 
asSFi—asD§ 
asSFi—asD}{ 
asF—asD} 
asF4—asD4 
asFi—asDj 
asFi—asD} 
aSF4—asD/ 
b3G4,—aF4 
b3Gi —d3F4 
asF{—asD} 
b3Gi—d3Fj 
b3D5—cGF4 
ene, 
b3D{—GF4 
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TABLE IIl—Continued 


Source |Obs.4(LA.)] oAX, | Int. | Tome v Designation | Mult 
i 8131.40 | — (Gale i eeacwrars cis 12204.64 &P{—e8Ds 14 
Ds aero eitapypil| ae ts) (©) lloannaoce 12358.00 cP{—e3Dt I4 
Tae econ 8084.96 | —28 As) fone: | eres eee T2365.25 P{—eD} 14 
SOR tae awe 8084.42 | —20 ‘Ol. leosopacs 12366.09 Pi—e8D{ 14 
Taree: 8068.21 | — 9 (oye l saranctace 12390.93 a3G;—b3G4 15 
Tae te au Sleloyipferay esco < (8) || eee creo UCL Oy Ae ctl etn ae ode atid bate a0 
Teo aric 8024.83.| — I (2) oa ae eens 12457.90 a3G,—b3Gi 15 
Tae citer 7996.49 | + 2 (Gon | teacescyee 12502.06 paescre 16 

3 pa L 

rf Jeon Se 7978.87 fe C2) a eerste 12529.66 ect ee 
cor eect 2 7961.59 | + 7 (COD a irene 12556.86 bsGj—csF4 16 
Dinter aaeks 7949.11 | —15 Ge hater sere tcakc 12576.58 aG—aG’ 17 
beeen 7943.91 | + 1 (rh) ae 12584.81 bsGi—cSFS 16 
Tats uetat 7926.34 | +11 CH) SR |e eee 12612.70 bsGi—cSF 16 
ecard rae 7903.98 | —12 (O)iigu| serene 12648. 31 bD—bF 18 
“Otay abe 7663.38 | + 4 KO) | breeenceiee 13045. 26 bsP5—e3D} 19 
Par cake 7654.46 | — I (2) ign neta te rt, 13060. 69 bsPj—esD{ 19 
12s. ee 7618.33 | —10 (Cyaan 13122.65 b3Pi—eD; 19 
a Se HOVASAQE| es 4a | BCEDE) pen ere 13129. 25 b3P{—eD} 19 
eRe Sets 7580.55 | +15 ) eee eeate 13188.01 b3P,—e3Dt 19 
note ek 7490.12 ° ODA | teres ane 13330.57 asHj—d3Gs 20 
Eee cot 7489.61 | — 2 (C3 ate are 13348.16 asH{—d3Gi 20 
a oa 7474.93 | + 5 (a) Patan ye ceneene Tea AR aT asP§—c3D} 21 
eet Me 7440.58 | — I (eee 13436.12 asHé—d3G! 20 
Gries 7423.12 | — 7 (a=) tere 13467.72 b3F3—b3F, 22 
eee oe 7366.58 | — 2 OP eee athe 13571.00 b3F4—asS 23 
ORR rt: 7364.11 | — I 2 IV 13575-05 b3F4—b3F, 22 
eee ae 7357.73 ° 3 IV 13587.41 b3F{—b3F, 22 
7 Ue one 7352.14 | + 1 (1) levee ceca 13597.74 aP’—aP 24 
Rae ce ne 7344.69 | — 2 IV 13611. 54 bFi—b3F, 22 
“es 7332.26 | — 5 (OAL ase ee tice 13634. 61 asP{—asP, 25 
oe ee 7330.97 | + 5 (iw ieeenee 13637.01 aSP4—asP, 25 
ET es ole Herre \\eones 4) 81). Alb aeeane 13650. 54 a3D;—e3D} 26 
te FATS AZ| tee Oe | MhC2) eateastetee 13660. 38 b3P{—b3P, 27 
A ae WEEE 52.| o— 3 (A ete se 13665. 81 a3D,—eD5 26 
EQ hes. ae, 7305.87 | — 4 (Om |e 13683 .90 a5P{—asP, 25 
Ts wteaerie 7299.67 | — 2 (2) ie eer ee 13695.48 b3F4—b3F, 22 
ee ae ee eh a 7 ee ae ELT EP hate T3.20)20. || seers tec tae etre Soke | eee 
ee eene 7273.76?| + 8 (6): bak Sates 13744. 26 b3P{—b3P, 27 
CaP 7271.47°| — 3 (oO) Ma laaec 13748. 60 b3F{—b3F, 22 
Bare Mere 7266.24? 3 (OP ileenree ae 13758.50 a5P{—asP, 25 
ene CN 7265.32 | —10 (Oo) iene 13700. 25 a3D,—e3D{ 26 
CY caters 7261.86 2 9 (Ere) onl ence eee 13766. 78 aD,—eD} 26 

* woe \ aSP4—asP. 2 
De oagnei a 7253-76 \—10f GO) Masaccede 13782.17 oe ee 
Tees Y25t 44 | = 3 8 Tit 13786.00 b3F,—b3Dt 28 
Tete eae 7244.82 | + 1] I0 Il 13799.17 b3F4—b3D} 28 
12 eae ee 7230.94 | +12 Gop ere ee 13814.19 a3D;—e Dt 26 
Anes 7233.44 | + 2 GB bY |e ee 13820.91 a3Hé—asHg 29 
a sooo 7233.31 | — I (a) Ue omar eea 3821.14 a3D,—e3 Ds 20 
ee eye 7216.19 | + 1 is Il 13853.92 b3F4{—a3P, 30 
Ts ec ee 7214.97 | —13 (0) ie Pee eee 13856. 25 al’ —eG’ on 
Can ee Ota Y213 03 —20 (Ne eres 13859. 66 aSP,—asP, 25 


ARC AND SPARK SPECTRA OF Ti. 


Source  |Obs. d (1.A.) cee 
Dee nate 7209.44 | — 2 
Tete white 7189.92 | + 6 
Cee cmichne ne 7188.59 | + 5 
Gin se cieieys 7160.33 | — 2 
1 ERI 7138.92 | + 2 
err mee 7009.11 | -- I 
Bea ease 7050.68 | — 6 
OD scarey oO 7039.30? ° 
Tease 7038.83 | — 2 
Reais sees 7035.85 ° 
1 OR et rasta 7010.94 | —12 
1 ee 7008.32 | — 8 
Dain siete ev sus 7007.81 | —14 
Bimota tafe) la 7006.68 ° 
Oopretacegn 7004.60 | — 4 
1 ET REI 6996.69 | + 3 
Ti srerguennerens 6990.31 ° 
Oe ar arene 6983.23 | +12 
Tier ote ret 6980.39 | — I 
nw ae eee 6963.93 | +17 
anton tat 6946.10 | — 4 
isi neve ecs 6943.71 ° 
SSS aera 6938. 88?]...... 
Teta 6935.88 | — 3 
De esrcrstavers ele 6933-14 | — 3 
PS ate ata 6926.16 | — 3 
MD So ecce, oieat 6913.03 | —I0 
Bek OGITsTS Meee 
Bree seitieh 6873.99 | + 8 
1 eee Rea 6861.47 | + 1 
Bfowas ee 6854.30 | — 2 
Dearne 6849.15 | — 5 
SO acts eens 6841.65 | + 4 
C2 ee ek 6818.12 | — 4 
LW eae 6751.94] + 7 
Deets aa 6748.43 | + 5 
rip tee Cac 6746.42 | +13 
ies oacraer Ss 6743-14 |] + 3 
Breen ais 6716.68 |} — 8 
Beever ieraiss 6677.25 | + 1 
Ewido anne 6666.57 ° 
ea A 6599.12 | + 2 
Dera kes OB75. TO 
Biro aac O565262) Ieee. 
Deoeerereyare 6556.08 | — 2 
Dvoan eho 6554223 | -- = 
Re ere proe 6546.26 | — I 
Die te eieceture 6508.15 | + 3 
Tice acres 6497.71 fe) 
‘Reaeaaraae 6465.56 | + 4 
nth, oe eee 6464.02 | + 1 
TS BSS 6456.06 | + 1 
i ere OWS Ate 2) eerste 


TABLE Il—Continued 


Temp. 

Int. Class ue 
20 Il 13866. 90 
2 IV? 13904. 54 
©) Yighohen 13907.12 
GC) lee eee 13962.00 
(GRABTA I owes 14003 .87 
2 IV 14142.16 
Sr) | eee ere 14179.13 
(ap) a ee, 14201 .93 
6 IV 14202.99 
(CAP eae ee 14209 .02 
Go) dhe sea niaee 14259.50 
(Gan eae 14264.83 
Cor IEA eed 14265.90 
(O) ee |S eer 14268. 16 
(Ga) diet neat A 14272.41 
COR Weald. 14288. 54 
(CT) Rae eye eee 14301 .63 
CON" ieee se 14316.07 
ER Ree 14320.85 
Co) laee nn 14355.80 
(Coo? alGeesnesee 14392.61 
CO alate ote 14397.56 
ae) | sere, 14407.58 
CLUE. | eee one 14413.79 
(a) |e. 14419.51 
TONE Beem aeenes 14434.05 
(CAWd a 14461.46 
(Ce ers 14465. 33 
(2) melee: 14543.59 
6 Il 14570.13 
Cp itet ser 14585 . 36 
(2) ie | eopeeeeeer 14596. 33 
(oO) lisence 14612.40 
() ance 14662.77 
Ko) wa ete 14806. 52 
Oe UR A eee 14814.18 
cr) fel ee ec, 14818. 60 
10 IITA | 14825.80 
(Gos Ra eee 14884. 21 
(©) | Peery 14972.11 
(ext), | seme. 14996.09 
12 TILA | 15149.36 
3 Vv 15204.50 
4 Vv 15226.65 
25 Til 15248. 81 
20 Til 15253.13 
20 iil 15271.68 
3 LCA rss 0n0t 
3 IITA | 15385.80 
(2) Bal ese, 15462.29 
‘GO Reeaetnee 15465.98 
(xk) Le cece 15485 .06 
(OVEN eerschhene, 15489.47 


PART II 


Designation 


b3F{—b3D$ 
aH’—aH 
b3F,—b3D; 
b3F4—a3P, 
b3F{—b3D} 
b3D{—dsF4 
c3P3—c3P, 
b3Di{—d3F 
c3P4i—cP, 
b3D{—daF4 
c3P{—cP, 
c3P{—c3P, 
as3D;—b3P, 
csD} ata csD, 
c3P,—c3P, 
cP{i{—cP, 
a3D, 2 b3P,; 
a3D,—b3P, 
cDji—csD, 
a3D, —b3P, 
a3Gi—b3G, 
b3F,—aFj 


b3F,—d3F4 


19 


Multi- 
plet 


28 
32 
28 
30 
28 
33 
34 
33 


Cee e ee whee ee 8 eo hae ee 


bG —bF 


b3F{/—c3F, 
b3F{—cF, 
b3F,— GF, 
b3Fi,—c3F, 
bF{—cF, 
aS’—bP’ 
bsF,—csD, 
bsF;—c5D, 
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TABLE Il—Continued 

Source Obs. \ (1.A.) Ge Int. ree v Designation ene 
Ga 0446827 Neen (2)0 Bl occaenee LSGOS.57 ol esnusets wots tate, 2l| Sree 
EDs oe 6410715) | — 8 |G) See aeene TSC74 635 a3D;—c3P, 51 
LOG eee 6381.39 | + 5 Grae 15666. 31 a3D,—c3P, 5I 
Loe ne 6371.75 | +15 (Be ieee Reser 15690.02 a3D,—cP,2 5I 
re eee ter 6366.38 | + 3 8 Ill 15703.18 b3F{—c3D$ 52 
12 {cose 6364.92 | +13 [2] [III A] | 15706. 73 a3F4—asG4 53 
TOT OF 6361.41 ° (a) Be | eee TAT Sas a3D,—c3P, 5r 
Hl eee 6359.88 | + 3 [8] {II A] | 15719.12 a3F4i—asG4 53 
eee estat 6359.20} — 1 (o)anli oreo 15720.99 a3D,—c3P,; 5I 
oS ee 6336.10 | + 1 8 Il 15778.22 b3F{—c3D$ 52 
ea RR oe 6325.22 | + 2 | [ro] [II A] | 15805.40 a3sF4{—asG} 53 
Ae etseery 6318.00 | — 3 5 IITA | 15823.42 b3F4,—c3D{ 52 
Mea ore 6312.23 | — 3 10 Tit 15837.89 b3Fi—b3G4 54 
To Veannee 6311.25 | — 2 (x) (III A) | 15840.34 b3Fi{—c3D$ 52 
Tas reer 6303.7 4 10 iil 15859.16 b3F{—b3G4 54 
Re nr 6298.07 © |(R(CO) an aoe eens 15873.52 asP{—csD 55 
12 Tes 6296.66 | + 6 | [12] {II A] | 15877.04 a3Fi,—asG; ne 
TA disper. 6295.93 a GPR Pheer cares 15878.60 asP4—csD} ny 

vi . a3F’i—asGL 
reat Beata 6295.30 \-+ a [2] [IIIT A] | 15880.50 beets 2 
TD esc wleies 627750 e|-t-927| (OO) mn | sareetars 15925.49 aSPi:—cSD; 55 
Totes 6273.30 ° [6] {II A] | 15935.94 a3F4—asGi 53 
nearer? 6266.02 | — 1 (1) (III) 15954.69 asP{—csDj, 55 
ED nes ace oe 6264.80} — 1 (0): 0s eee 15957.80 a5Pi{—csD} Ss 
Sree oO k's 6261.10} — 5 | 35 II 15967.22 b3F4—b3G4 54 
Ladlowiaeres 6258.70 | — 3 | 50 II 15973.35 b3F'4—b3Gé 54 
Becks oe 6258.10] — xr] 4o II 15974.88 b3F4—b3Gj 54 
Oh Rei ceite 6257.72 | + 5 [2] [III A] | 15975.46 a3F4—asG} 53 
hae ae G222s86"| seer (2) | tenn EOOOOn 12) || ant enero ne ae 
ot APB Ge 6221.42 | + 5 8 Il 16069 .06 aGi—cF 56 
Petene won 6220.45 | — 2] 12 Il 16071.57 vaGi—Fs 56 
1 AE WA. 6215.24 | — 2 || 20 Ill 16085 .04 a3Gl—cF 4 56 
Ee een 6199.64 | + 8 (O) a See 16125.53 bG’—dG 57 
Ee Ape 6186.15 | — 5 3 Il 16160.68 a3D;—daF, 58 
ART ene 6174.47 | —31 (on) cer 16191. 25 a3Gi—c3F4? 56 
Tove eerie 6159.02 ° (21) baceaeee 16231.86 aD,—d3F, 58 
Teves 6149.81 | + 2 2 Il 16256.17 as3D,—dsF, 58 
if oe ates 6146.22 | + 3 3 Il 16265 .66 a3G;—d3G4 59 
Sey Se vier 6138.38 | — 2 I IV 16286. 44 a3D,—dsF, 58 
Toso 6126.21 | — 1 20 II 16318. 80 a3Pi—aisSt 60 
Pee 6121.03 | + 2 3 Til 16332.61 a3G,—d3Gj 59 
arate ots 6098.70 | + 3 7 Ill 16392.41 aG’—bF’ 61 
Latacee ae 6092.79 | — I 4 Ill 16408. 31 aG;—d3G! 59 
bee 6091.17] + 1 20 Tir 16412.67 bG—aH 62 
Poa 6085.22 ° 20 II 16428. 71 aiP{—a3St 60 
Te Soaee GOST 3 Tal 1-2 CE) eee 16439. 28 ak’—{G’ 63 
Tee oyeyess || Ge || (Ed) \padan eax 16467.25 aP—dD 64 
Toe sree 6064.64] — 1 9 ILA | 16484.47 a3P§—a3St 60 
D2 Saree 6050.27 eres [2] (LEAT "| 26400200! | fap. oeereene eee | eee 
0 oe ee 6031.71 | + 3 (Cita Pie 16574.47 a3i’,—asF, 65 
crepe 6018. 562} —11 (o)ns |Aeee ae 16610. 69 a3P{—asS} 66 
Lo eee OO12. 531} — oo Meer) en ee eee 16627.11 a3F,—b3G, 67 
Brie 6002.70?]} — 1 (Olid eee eee 16654.57 a3D,—eF, 68 
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Source 
DA a vars 5999 
Trent setaatt 5999 
A isicives 55.18 5996 
An Seow: 5995 
Fy 5988 
Tee ees 5984 
TOM horace siete 5982 
1 eae eee 5980 
Tore: 5978 
TO see. 5971 
Tienesis cores 5905 
1 SCRE 5953 
LO parents 5944 
THE cece te 5941 
Tien tae 5940 
tera sic 5037 
se Re 5922 
Teen extn 5918 
Si Rea eee 5913 
Tins teeeepets 5903 
Teste nits 5 5899 
Dates s 5880 
Ce tars 5877 
DAs 3c 5866 
Tere ee tre 5863 
2 tro pe WEEE 5832 
eneere cis 5823 
Wer est 5814 
De resets 5812 
eaters a aio 5809 
ET eer Wee z 5804 
We sete 5707 
Lip ee eae eee 5785 
DD iba satthet% 5785 
oR OO 5780 
Dsiehayesaerers 5774 
i cae ee 5766 
fis See as 5762 
Ts CR ae 5752 
aR 5741 
lO OTe 5740 
it ae 5739 
Te es ars 5720 
Boe a5, sis 5716 
i SOE 5715 
Tae veces Sy Ane 
Tiere tveeh sta 5711 
eS 5708 
Dales ioe 5702 
Diverse alt 5689 
TAG ha cos 5679 
Taree cw « 5675 


66 
.00 
.O1 
.68 
.58 
-59 
52 
.89 
+54 
.O7 
83 
.16 
65 
-73 
66 
-79 


ise 


BCWNHHWAMNOONHOHWUWNH DAHH HO DO OWHHHHWBNHNHHOHHONKHDWOHHHOMUNDWO ADL H 


+1+ + 


lel 


I++t++ +1 +1 


++ 


++ +4+14+144+14 1 


I++ 


Obs. d(LA.)} (Ac 


a , 


Lal 


PARDEE om 
TABLE Il—Continued 

— y Designation poy 
iil 16663 .00 asHj—aH 69 
IV 16664. 83 a3D,—eF, 68 
Til 16673 .15 a3G,—a3H, 70 
V 16674.07 bD’—cD 71 
Lt 16693. 83 a3G;—a3H; 70 
(III A) | 16704.96 a3sF{—asF, 65 
(III A) | 16710. 66 a3F;—b3G, 67 
(III A) | 16715.31 asP$—b3D{ 72 
II 16721.87 a3G;—a3H, 70 
See 16742.80 a3F,—b3G, 67 
II 16757.50 a3G,—a3H, 70 
II 16793.16 a3G;—a3He 70 
aoe 16817.20 a3F4—asF;, 65 
ITA | 16825.47 a3Pi—b3D; 72 
ee rit 16828. 49 a3Fi—asF, 65 
IITA | 16836.62 a3P$—b3D4 72 
II 16881. 21 a3P{—b3D{ 72 
II 16891. 33 a3P3—a3P, 73 
eer 16905.18 a3Fi—ask, 65 
IITA | 16934.90 a3P3,—a3P, 73 
II 16946.50 a3P{—b3D} 72 
TILA | 17001. 23 ee 73 
SI s— bsGe 74 
See eee 17008.55 ie ae 74 
II 17041.38 asP3;—b3D} 72 
Ree ee I7051.10 bsF,—bsG; 74 
(IV) 17140.66 bsGé—bsH§ 75 
iil 17166. 29 bG—b3H, 76 
(III A) | 17195.13 a3P,—bsD4 77 
(IV) 17198.58 bsGi—bsHé 75 
(IV A) | 17207.65 a3P;—bsD} a4 
IV 17223.96 bsGé—bsH/ Vs 
(IV) 17244. 31 bsGi—bsH4 75 
IV 17278.41 bsG{—bsHé 75 
(IV) | 17279.36 | bsGj—bsH3 75 
Ill 17293.84 bsPi—b3S¢ 78 
IV 17314.17 bsG4—bsHé 75 
IV 17337.26 bsG{—bsH/ 75 
IV 17349.53 | bsGz—bsH} 75 
IV $7377.95 b3P{—b3S; 78 
IV 17412.90 bD—cF 79 
IV 17416.67 a3H{—b3H, 80 
Tit 17418. 30 a3H{—b3H, 80 
Til 17476.19 asD{—bsF; 81 
It 17488.44 asDi—bsF4 81 
Ill I7492.57 asH§—b3H¢ 80 
IV 17496.25 aSD{—bsFt 81 
IV 17502.34 aSD}—bsF4 81 
IV 17513-59 a5D{—bsF4 81 
Ill YAK OMY Ke} aSD{—bsF} 81 
Til I7571.47 aSD4—bsF4 81 
Til 17600.92 asD{—c3F, 82 
TTA |} 17615.01 a5D{—bsF/ 81 
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TABLE Il—Continued 


22 
Source Obs. \(LA.)] oXG 
Ae atte 5662.91 fe) 
Taha onevavars 5662.16 ° 
ED asec acts 5659.12 | + 5 
Diyetroesct 5646.03 9)" 2 
slats isis ROAAaE Tec e 
Bere ie eheiets 5042..79 | =) 5 
Tse alecsen's ISAO LO) lherncirnd 
Dine bw ahead OOO G0 5| esate 
Ee im ees, S 5597.92 | + I 
B Siesta teva 8507.00 Ml ome cee 
Tie stey5 Shans 5565.48 | + 1 
72 One 5527.61 ° 
ORs steaks 5514.54 ° 
i (Pgcnchs SIS 5514.36 ° 
Des aoe 5512.54 fe) 
7 Nee care 5511.80 | + 3 
Tien s/o erevcir 5503.89 | — 2 
1 ed BY eine 5490.82 | — 2 
hic ee 5490.16 | — I 
ASSO HER 5488. 24 ° 
ye ed opeisre 5481.90 | + 2 
Tee Geshe Fy a £. 
7 Se AS 5477-70 | — 2 
TO Mis isceeae 5474.52 | + 6 
Pee 5474.28 | + 8 
Tues BAv2, 50) \\ 5 
Biimisie tre axe 5472.73 | + 3 
Pao 5471.19 | — I 
iE a treat 5460.51 | + 3 
Gf tase ee 5453-67 | + 2 
7 eee ase = 5451.07 | -+- 2 
Perse 5449.19 | + 4 
To ree atte 5448.85 ° 
* + I 
Fei cicic 5446.67 (t A 
Reet 5438.33 | + 2 
¢ fe eae 5430.65 | — 4 
Dy ernie bys 5432-32 | — 5 
Me ee 5429.15 | — 2 
ve 5426.27 | + 2 
Bice ates 5419.22 | — 4 
Tice emekerety 5409.62 | — 2 
TE peter. 5408.93 | + 1 
A coi srenetecs 5404.03 ° 
TO cree 5401.32 | — 3 
Anerson 5397.08 | — 2 
Cad Gey Sn) 5390.57 Nes a 
\- 2 
1 nee 5390.26 | — 2 
Tie ce chet 5390.00 | + 3 
Aerts 5389.15 | — 2 
T2........ 5384.63 | + x 
12 [issvmccoinie 5376.58 | — I 


v 


Designation 


fot ae 
4 Tir 
12 Til 
(3) | (IIA) 
5 IV 
18 Il 
(Co yt Ree ase 
(np) ae eeee 
(2) a0 | eee. 
(21) sles oes 
(3) ig Serer 
9 Til 
er) fae) | ep eer 
25 Il 
20 II 
25 II 
2 TTA 
8 JII 
(1) (I A) 
12 II 
5 It 
5 IA 
6 Til 
8 Til 
(z) | (IV) 
6 II 
AP | ECE) 
2 IITA 
5 Il 
4 IA 
S IITA 
(ir) st sae 
I IIA 
(x) | (IV) 
2 ITA 
I IITA 
I TIA 
(0) ere 
6 III 
3 IA 
I IIA 
6 II 
(x) (I A) 
2 IV 
(x) (IIT A) 
4 Til 
I IA 
2) Gallhee ayes 
3 jal 
2 IIIA 
(x) (III A) 
(0). |ueteeeers 


17053. 


asDi—c3F4 
asDj—bsF£ 
aD —asSt 
aDj—F4 
bG—bG’ 
SD —fF! 


Multi- 
plet 


a3Hj—bG’ 
ak,—F4 
bsF4{—d3D} 
b3sF4,—d3D{ 


aF,—co3F 
b3F4—c5D} 
cP{—d3P, 
faPj— d3P; 
\a3F4—asD} 
b3F,—c3G4 
aD—b3Dj 


asks = b3F, 
a3Fi,—a5D} 
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ARC AND SPARK SPECTRA OF Ti. PART II 23 
TABLE Il—Continued 

Source  |Obs. A (1.A.) tuk Int. rae v Designation rs 

Beene iets CZ00R,05 ule ae as 4 Til DSOUS OD Alesis opoiaece tds aie relate 
ca eae eae 5366.63 | — 2 2 IITA | 18628.51 asF3—b3F, 98 
TOS ae 5301.67 | — 4 (1) (III A) | 18645.75 asFi—b3F, 98 
Se sacred, 5351.09 | + 1 4 Tit 18682.60 aF—bF’ 100 
segieet os 5341.48 | + 2 I IVP 18716. 22 bP—bP’ IOI 
Ror ie 5340.68 | + 1 (1) (III A) | 18719.02 aSF4—b3Dt 102 
Rikeke sens 5338.28 | — 1 I IITA | 18727.44 aFi—b3F, 98 
ie 5323-903 | + 4 (1) (IIT A) | 18777.91 asFi—b3D4 102 
Reece 5303.24 ° (2) (III A) | 18815.69 asPi—c3D$ 103 
hapa 5299.98 | — 2 I TILA | 18862.76 a3P{—cD{ 103 
Wertcaet: 5298.42 | + 1 4 Tit 18868. 32 bD—cP 104 
Matetesiks. 5297.29 | + 4 6 Til 18872.35 a3G,—eF, 105 
See ites 5295.78 ° 4 Il 18877.72 a3P3—c3D} 103 
Matas 5204.75 | — 4 (2a) |Seeeee Tooors 36 bsF ,—fsF‘é 106 
eye nits) 5289.28] + 1 (1) (III A) | 18900. 93 asFi—b3D{ 102 
Asters 5284.39 | + 2 2 IITA | 18918. 41 a3Pi§— Dt 103 
SRG Sie 5283.45 | + 1 8 Til 18921.78 a3G,—eF; 105 
Sein eos 5282.38 fo) 3 IITA | 18925.61 as3P{—c3D} 103 
Ree fekyh ays 5281.93 | + 7 (ye |eeeaee.| re027 522 ds3D{—b3D; 107 
BT Soe: 5269.93 | + 6 (1) (III A) | 18970. 32 a3G,—e3F;, 105 
eRe 5266.28 ) (Wee soon eal terstotebian iy, bsG£—bsG,? 108 
Dass: 5265.07 Oueito Il 18984.59 a3G;—e3F, 105 
ate ee 5263.50 | — I 3 III 18993.50 asF—bsF{ 109 
LG AOE 5263.32 | = 3 CON Vilegcocenaltmeasleeyie b5Gé6—b5Ge 108 
ites ag 5259.97 | — 2 3 IV 19006. 25 aD’—bF’ IIo 
Se eee 5257.58 | + 4 Ge |e ea LOOTA. SS. aP’—cP III 
eat 5255.82 | — 2 5 III I9Q021.25 asF,—b5F4 109 
es eres 5252.11 | + 2 8 ITA | 19034.69 a3sFi—a3F, I12 
one Sees 5251.50 | + I (0) (III A) | 19036.89 asF3—bsDt 113 
Me Meese: 5250.94 | + 1 2 TILA | 19038.93 we ee sua) 

SK/—p5sD/ 

Tienes 5248.39 4 (x1) | (IITA) | 19048.17 jee con, ae 
ee KOA 280 || er 5 Il 19052.13 asF;—b5F 109 
OS GOeE. 5246.81 | — 1 (2a ede al| TOOKSC OS bsG4—bsG, 108 
ba aoe 5240.56 ° 3 TITA | 19054.82 aSF4—bsD} 113 
Selec gate BOsO ANS 2 Vv 19056. 34 bD—dP II4 
oer eree 5239.94 | — 1 (O) eee ll eTUO7O.00 eee 113 
* — 1 asSF{—bsD4 113 
Fe Seare aa ies 5238.58 a xf 6 TTA | 19083.84 ey 168 
OS Scacraiehe 5233.81 | — 4] (2) (III A) | 19101. 25 asF4—bsD4 113 
Se oka 5227.19 | + 1 (2) eal see LOT 25 442 bsG5—bsG, 108 
Poor 5224.96 ° 8 Til 19133.60 asF,—b5F{ 109 
28 See eae Gomes, |) set 6 Ill I9135.03 asF,—bsF4 Tog 
Becket steieie RelA a2al = © I5 Til 19135-94 asF.—bsF 4 109 
moots os 5224.13 | — 1 (0) (IV A) | 19136.63 asF4—bsD4 113 
es ae 5223.64 | — I 6 Iil 19138. 43 asF,—b5F} 10g 
Sear 5222.68 | — 2 6 Ill IQI4I.95 aSF,—bsF} 10g 
Montes soe 5210.72 | + 1 8 IA | 19152.80 a3F4i—a3F, I12 

midis SS OG Pie 3 Til FQUSOxO0s |e oe ee as ee ean ee meets 
3 eee 5211.20 | — 2] (xz) | (IZA) | 19184.10 aSF4,—bsDj 113 
Be ess 5210.30 Oo} 40 I 9187.09 a3Fi—a3F, 112 
Ge ere 5207.87 ° 3 Ill 19196. 38 asF,—b5F} 10g 
SSA ee 5206.09 | — 4 5 III? 19202.95 aP’—dP II5 
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24 
TABLE Il—Continued 

Source |Obs. 2 (1.A.) ae Int. fon v Designation pty 
Pee or 5201.12 ° 4 Ill 19221.29 ask, —bsF4 109 
FET sen 5194.04 ° 4 IVA | 19247.49 ask; —bsF4 109 
Veco: sr92.98 | + I | 35 I 19251.42 a3Fi—asFk, 112 
Pte Ss Bape 5186.32 | — 1 3 10it 19276.15 asF\,—bsFé 109 
RES A ee 5183.79 | — 6] (1) (IIE A) | 19285.55 asP4—asP, 116 
TD vs kee 5278.62 | — 9 [o] {III A] | 19304. 81 asP$—bD’ 117 
Lowen ae 5173-74 I 30 I 19323.01 a3Fi—a3F, 112 
TOE ee 5170.50 | — § (O) MR ee eee 19335.11 bG—cF 118 
7 foxes Cuts eae 5152.18 | — 1 10 IA | 19403.87 asFi—a3k, 112 
WR Neca e 5147.48 fo) se) ITA | 19421.59 a3F4—a3F, I12 
Y ees Oe 5145-47 | + 1 12 UE 19429.17 bsFi/—e3D} 11g 
AO eee: 5132.96 | + 1 (6) aM ea nat 19476.52 asHi—e3Gi 120 
Rune se 5127.36 | — 2 (a eae 19497-79 asHg—e3Gt 120 
7 eae ee 5124.08 | + 1 CE)IW || Saeiteeae 19510. 28 aG—d3G{ 121 
Ween aoe 5122.09 | — 4 (ra ieee 19517.86 asHi— eG} 120 
| ae 5120.43 | — I 12 III 19524.19 aH’—al’ 122 
Mesa, 5113.45 | + I Io It 19550.84 b3F4{—e3Di IIQ 
Tae eae 5109.43 | + 1 4 III? 19566. 21 b3F{—e3D} 119 
Pata 5087.07 | — 1 8 Til 19652. 22 b3F4,—e3D{ 119 
A ene 5085.35 | + x 4 Tir 19658.87 b3F3—e3D} II9 
VAC ae 5071.49 ° i Til 19712.59 b3F4,—dsGj 123 
Bay ey te 5069.41 | +10 5 IV 19720.68 a3D,—d3P, 124 
2 eh See 5068.33 | + x 3 IV 19724.87 a3Gi—c3G, 125 
GF sees 5066.01 | + 2 7 Ill 19733-92 b3F4—d3G4 123 
cae. 5064.66 | + 2] 25 I 19739.18 asF4—a3D} 126 
Ties 5064.07 | — I 4 IV 19741.49 a3Gi—OG, 125 
Tie etek 5062.13 | — 5 7 iil 19749.12 a3D,—d3P, 124 

3G = 

7 eS Rn 5054.11 i. “| 3 IV? 19780. 38 ( Piers ee 
(Pipes 5052.88 | — x 8 IV? 19785.19 a3D,—d3P, 124 
Avatse ares 5048.21 | — 2 Cryo.) pana 19803.50 a3D,—d3P,; 124 
7 thet .+| 5045-43 ° 5 TILA | 109814. 41 asFL— bsGj 128 
ys ee 5044.25 | — 6 2 IV 19819.05 a3D;—bsS} 129 
fone 5043-59 ° 7 WIA | 19821.64 asl*{—bsG4 128 
i eres 5040.63 | + 2 6 IITA | 19833.28 asF4—bsG4 128 
Y eee oe 5039.96 | + 1 22 I 19835 .92 aFi—asD} 126 
ante cheat 5038.41 | + 1 25 II 19842.01 b34,—d3G4 123 
7 sic Caen 5036.47 Oo} 25 1M 19849.65 b3F'4—d3G4 123 
een 5035.92 | + 1 25 II 19851.83 b3F4,—d3Gé 123 
ee ee 5025.58 | + 1 18 III 19892.67 aSGé—bsF¢ 130 
eer 5024.85 | — 1] 20 II 19895.56 aSF4—b5G4 128 
POA ate 5023.39 ° CD Wee As aiee IQQOI.35 a3D,—d3P, 124 
one 5022.87 | + 1 25 II I9903.41 asF4—bsG} 128 
| Pee 5020.04 On} 725 II 19914.62 asF4{—bsGi 128 
Tao BRE 5016.17 oO} 20 if 19929.99 adF{— bsGL 128 
r1*t ata ae 5014.28 | + 1 | (25) (1) 19937-49 bees 128 
A asl par es 5014.19 | + 1 | (25) (I) 19937-83 aFi—a3Dt 126 
Taree 5013.30 o} 18 Ill I9941.40 asGi—bsFj 130 
aT octeeeae 5009.65 | + 2 7 IA | 19955.92 a3 '4—asD} 126 
yO ee BOOFCO Ta =o eee (2) > Ceres LOQOG3: OTs | navi oie eee se | eee 
aie eine 5007.22 o} 40 il 19965.61 a5F4—bsG} 128 
Poe e 5001.01 o]} Io IITA | 19990.40 asGi—bsFS 130 
Ths 4999.51 o}] 45 i 19996. 40 asF4—bsG4 128 
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Source 


4997.10 
4995.08 


te eee eee 


wie G, Waa OSs 


er 


Obs.  (I.A.) 


Ar 


++++] 9 


[tttt+t+tl+t+it titi+t 


| 
NNHODH ODO OWA NH NHNOHHNHONKPR HORN HH NH NHHWHNdNHKPWPRHDHWNHHONKDHNHHNHWHONKH AH 


o) 


TABLE Il—Continued 


Tem 
Int. Class 4 
8 ITA | 20006.05 
(2) (III) 20014.15 
50 II 20030.17 
10 Til 20037. 89 
60 II 20067 .69 
Io Til 20081 .95 
5 IV 20083 . 81 
r IV 20087.57 
Io Iil 20093 .45 
6 il 20102. 76 
6 Til 20120.92 
(x) (III A) | 20126.04 
5 Il 20136.40 
2 IITA | 20162.79 
3 IV 20203.71 
I TITA | 20204.53 
(O)'y 0] eee eek 20219. 23 
(0) (III A) | 20224.75 
3 IV 20230. 81 
(1) (III A) | 20231.87 
(alpine Ses 20233.15 
8 IV 20244. 21 
(Or) S| Seen 20245 .31 
4 IITA | 20246.50 
(CO) Saran sk 20282.82 
12 Il 20285 .09 
4 IITA | 20294.10 
5 IV 20297.19 
12 Til 20312.16 
10 Il 20320.05 
5 iil 20339. 23 
20 Ill 20345 .89 
2 IIIA -} 20364.62 
KO) P| eens 20367.20 
(Goll Mal een ae sears 20399. 85 
20 Ill 20402.77 
Gib net ee eee 20427. 89 
2 IV 20431.42 
I IV 20436.48 
20 Ir 20464.75 
2 IV 20476. 28 
3 IV 20482. 25 
20 it 20527.58 
18 Til 20535-42 
4 Til 20552.50 
20 Til 20587.31 
8 IV 20619 .36 
2 IV 20638. 39 
25 Ji 20651.65 
(Cie aes 20658. 74 
6 Til 20671 .93 
(3) a eae 20689. 21 
2 IV? 20708. 46 


PART IT 


Designation 
a3F3—a3D} 


b3P5—f3D$ 
asF,—bsG! 


asGi—bsFj 


asDi,—SF} 
asD{—cSF{, 


25 


Multi- 
plet 


126 
131 
128 
130 
128 
130 
130 
132 
133 
130 
130 
126 
130 
134 
135 
136 
130 
134 
135 
136 
130 
137 
130 
136 
136 
135 
136 
138 
135 
135 
138 
138 
136 
139 
139 
138 
I40 
I4I 
140 
138 
141 
140 
I4I 
141 
140 
141 
140 
142 
143 
142 
144 
145 
145 


26 HENRY NORRIS RUSSELL 
TABLE JIl—Continued 

Source Obs. \ (E.A.) Boe Int. eS py Designation 
Bho acheter 4825-490 | -- I 3 20717.51 asDji—cF 
TOW ee eae Aoar.29)| — 3)| (ubde)) (aa een 20735.46 asD,.—f3D4 
ety aaa eae 4820.42 o | 20 II 20739 .30 aG—bF 
iW Wee Ae 4812.89 o| (0) (III A) | 20771.71 asFi—b3Gj 
eer 4812.25 | + 1 5 iil 20774.51 cPi—h3sD} 
ed as See 4811.09 | + 6 4 LINY 20779.52 asG;—bG’ 
ae eee 4808. 54 ° 5 IV 20700. 54 aG’—bH’ 
Pd, give 4805.43 I 12 Il 20804 .00 c3P5—h3D} 
piers See 4799.81 O) | one Tir 20828.35 bG—cH, 
gece 4797.99 ° 5 Ii 20836. 26 c3P{—h3Dt 
TRACT at 4796.22 | — I 6 III 20843 .94 c3Pi—h3Dt 
Artie ene 4792.50 | + 2 Io Tit 20860. 13 cP{—h3D3 
Gaaniee 4789.79 | +1 Cr=)ih eer tee 20871.90 aSFi—b3Gj 
TO eee 4783.31 ° [2] [III A] | 20900.09 asF4—b3G} 
SEEN 4781.73 | +1 6 IITA | 20907.11 asFi— bsGé 
i Poneto he 4778.27 o]}] 10 Ill 20922.25 a3Hj—cG’ 
nt ro 4771.13 | + 3 R IIIA | 20953.56 aski—b3Gi 
Waa h 4769.78 ° 4 Ill 20059. 49 aHj—H, 
7 Pictup te 4766.33 | — I 4 iil 20974.65 a3H{—c3H, 
TZ eae ce 4759.74 | + 8 | (rbd?) ]........ 21003. 71 a3D,—3F, 
OF as pevaeer aes 4759.28 ° 25 it 21005. 73 aHs—He 
y See ee 4758.92 | + 1 4 IITA | 21007.32 asF4—b3G 
ESO RIC 4758.13 | — I 25 Til 21010. 81 as3H{— cH, 
ts AN Soe AgnAusSi| —==3) | (TDAP) |awneaeor 21027.32 a3D,—g3F, 
Piece 4747.69 ° 3 III 21057.01 asH{—H¢6 
Ania Wate 4747.29 | +1 I TITA |} 21058.78 a3Pi—d3D{ 
yc 4742.80 ° 20 Iii 21078.72 a3Hi—GH, 
orien pre 4742.13 ° a IV 21081. 69 aD,—g3F, 
7 AAO Bee 4734.68 ° 3 IV? 21114.87 a3Hi— GH, 
Pane 4733-43 | — 4 6 III? 21120.44 vD.—g3F; 
Pont Mec 4735,107| — 2 9 Til 21130. 48 a3D;—g3F, 
1 A Se 4724.68 | + 2 (2) ae |e 2159.53 a3D,—g3D4 
if Ae 4723.18 o| 10 Til 21106. 27 asPi—d3D; 
 Metene 4722.63 | + 1 Io Til 21168.74 as3P{—d3D{ 
PN sailene AyTe 535 | ee 4 ILA | 21201.61 a3 F{—a3Gi 

* — 2 a3P{—d3D{ 
7 Pere 4710.19 a 18 It 21224.64 eiote. 
Tre een 4708.97 | — I I IV? 21230.15 a3D,—g3Dt 
ree Ba nO ees — 4 COP) liners ee 21276.00 a3D,—g3D} 
vibra 4698.79 | + 2 20 II 21276.14 eae by 
) eee 4696.92 ° 4 IV? 21284.62 a3D;—g3D{ 
: Paceo er 4693.68 | + 2 5 IITA | 21299.30 a3F4—a3Gs 
Tid Marae 4691.34 ° 20 II 21309 .93 asP{—d3sD} 
| Oo 4690.81 | + 1 2 IV? 21312.34 a3Pi{—C3G} 
APE ES ag 4688.38 | + 1 3 IV? 21323.38 a3S{—d3P4 
7 care Me 4686.92 ° 4 IV? 21330.02 a3D,—g3D} 
Aces to 4684.53 | — I Z IV? 21340.90 a3D,—g3D} 
Pere 468r.9%1 | — 1] 30 I 21352.85 a3Fi—aiGs 
eS Pepe eee 4677.42 | — 3 2 IV? 21373 .35 aG’—cG 
2 oes ee 4676.92 | — I is IV? 21375.64 bD—eF 
Pye tor 4675.13 o]| I0 Til 21383.82 a3Pi—cSD} 
Bk ee 4668.38 | + 2 2 IV? 21414.74 a3Pi{—cSD} 
eee 4667.59 | — I 25 I 21418. 36 a3Fi—aiG4 


Multi- 
plet 


145 
140 
146 
147 
148 
149 
I50 
148 
I51 
148 
148 
148 
147 
147 
147 
152 
147 
153 
153 
154 
153 
147 
153 
154 
153 
155 
153 
154 
153 
154 
154 
156 
155 
155 
157 
155 
156 
156 
156 
155 
156 
197 
155 
158 
159 
156 
156 
157 
160 
161 
162 
162 


157 


ARC AND SPARK SPECTRA OF Ti. 


Source 


ste eee 
ste eee 
RA eee 8 ene 


-47 
.06 
.70 
.02 
-19 
-37 
-94 
66 
.36 
.88 
524. 


-- 
lL. 
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TABLE I1—Continued 


Int. 


tO 
WwW OU 


Temp. 
Class 


v 


PART II 


Designation 


21469. 
21471. 
21473. 
21409. 
21521. 
21543. 
21545. 
21547. 
21548. 
21555. 
21558. 
21506. 
21505- 
21624. 
21041. 
21651. 
21665. 
21736. 
21844. 
21871. 
21903. 
21907. 
UO Ue 
21923. 
21932. 


21934. 
21045. 
21047. 
21055. 
21960. 
21977. 
21980. 
21982. 
21097. 
22015. 
22016. 
22017. 
22024. 
22039. 
22040. 
22041. 
22045. 
22053. 
22081. 
22081. 


22086. 


22104. 
22124. 
22527. 


22139. 
22148. 


a3Fi—a3G} 
asP{—dsD} 
c3P/—e3P, 
asPi—dsD{ 
asP{—dsDé 
cP{—e3P, 
asP{—dsD{ 
asP4{—dsD{ 
asPi—dsD} 
c3Pi—e3P, 
c3P{—e3P, 
Pi is e3P, 


27 


Multi- 
plet 


1$7 
103 
164 
163 
163 
164 
163 
163 
163 
164 
164 


P{—BD; 
a3F,—c3G, 
b3F,—dsF, 
aF,—3G, 
asf’i{—aD’ 
b3F,—dsF, 
oP3—i3D; 
e8Pi—c3Si 
aD{—eF; 
ask i—bsF, 
a3F;—c3G, 
aG’—cF’ 
asF{—bSF, 
asky am bsF, 
aDji—eF; 
aDi—eF4 


ee ee er ee et ee ey 


ask, 4 oF, 
b3F4 — d3F,; 
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TABLE II—Continued 


Source Obs. d (1.A.) Ge Int. Tee: v Designation ee 
L hesicp teste 4512.74 o| 40 II 22153.30 asF/—bSF 172 

Fa Ds iiststas Fi G1 oes oS) levies reso 3 IV 22TOOLOO0) [Ete eget rere ve aeaiecall ecto 
Tee: 4508.28 | — 1 I IV 2217 R22 as3D;—h3D} 178 
Y Reto RE 4508.04 | + 1 2 IV 22176.40 aF—cD 179 
Petals Shea ASO7 O40 til HOO) Ve aauacterss 22178.38 asHi—al’ 180 
7. a 4505.71 ° I IV 22187.86 asF;—cSF4 176 
tees ta rs acre 4503-78 | — I 4n IV 22197.37 ask ;—cOFé 176 
Re eae yee 4407.75 | — 2 2 iil 2202703 asF,—cF{ 176 
Sane 4496.24 | — I 2 IITA | 22234.59 aFi—aF 175 
isan e 4496.15 | — 1} 20 1aal 22235.04 aSP4—bsP, 181 

Decrees AAQSZO@ A canteres 4 Til 2294003) || Mo ceraeiesi tie eaevers | temierene 
Wind eccane 4492.56 | + 3 3 Jase 22252.80 asF;—OF 176 
ey Pecans 4490.69 ° (CD Rl branes 22261.98 a3D,—h3D} 178 
Pr eer e 4489.10 Oo} 20 Til 22269.96 aSP5—bsP, 181 
ome ate 4485.01 | — 4 I IVA | 22290.24 asF,—OF} 176 
ae ae 4484.53 | — 2 (2) lee. ean 22202.66 a3D,—h3D{ 178 
Peres ee 4482.69 | — I | Io Ill 22301.80 b3F{—eF, 182 
eS 4481.27 | +1] 30 Til 22308.87 asP{—bsP, 181 
Whales: 4480.61 | + 1 5 DA | 22370715 aSP,—bsP, 181 
7 eee ee 4479.70 ° 9 II 22316.68 aSP;—bsP; 181 
Aerrontae:s 4475.51 | — 2 I IV 22337.58 een 176 
— 1 ,—OF, 182 
y PE 4474.86 ri 8 It 22340.83 hoes 6 
ye eee 4471.24 o| 20 Til 22358.91 a5P{—bsP, 181 
Ye IEICE 4465.80] — 1 20 iil 22380.15 aSP}—bsP, 181 
a ete ater 4463.55 | +1 8 Il 22307.43 aG;—eGi 183 
7 ae Me 4463.39 | — I 8 Ill 22398.23 | © a3G,—e3G} 183 
7 eae Prete 4462.08 | — 2 (3) (III A) | 22404.81 a3FS—aF 175 
cee 4457.42 | — zr] 40 II 22428. 23 b3F{—e83F, 182 
7 Bere 4455.32 o | 30 II 22438.80 b3F{—e3F, 182 
Pee 4453.70 | — 2 20 II 22440..97 a3G,—eG} 183 
7 Bsc ee 4453-32 | — I 30 Il 22448 .87 bsFi{—e3F, 182 
7 Pian Bee 4450.90 ° 25 Til 224601.009 asG,—e3G4 183 
FA rea oe 4449.99 | + 2 I IV 22465.68 a3G,—cF 184 
jiciencgo ee 4449.13 | — 2] 30 II 22470.02 aG,—e3G! 183 
7h eee 4444.27 | — 2 Gye eee 22404. 61 b3P{—i3Dt 185 
be RCE 4443.20 ° (3) eens 22500.01 aD/—cD 186 
oem: 4441.26 I 4 IV 22509.84 a3G,;—e3G4 183 
Wy aot saree 4440.34 o | 10 it 22514.50 a3G,—cF 184 
1 bis SRE 4438. 23 ° 2 IV 2259527 b3P4,—i3D} 185 
Bd Wer or 4436.64 | — 3 (x) (III?) | 22533.23 ask ,—e8F 187 
Tt sa 4436.59 i 1 4 II 22 5a Ras PS 183 
* 2 3F,—e3 F 182 
Fee Rae 4433.99 ee af nts TITA |} 22546.74 eae 188 
ER ROre 4433.58 | +1 3 iil 22548. 83 a3F,—e3F4 187 
ees oe ce 4431.28 | — 4 4 iil 22500.53 b3Pi—BD{ 185 
aT atte 4430.37 | +1 if EEE AS 22605 007 b3Fi—e3F, 182 
Teka crane 4430.03 | — 2 3 Til 22566.90 aF,—e3Fs 187 
7 Rare 4427.10 o | 40 Til 22581.83 aG—aH 189 
YR ae 4426.05 | — I Io II? 22587.18 vG,—fBF, 188 
iT Ree eran 4425.83 ° 3 TILA | 22588.31 a3Pi,—e3D} 190 
TRB peer 4424.40 | + 1 2 Ill 22595.62 bG—dG’ IQI 
Mites cieree 4422.82 | — 4 Io Il 22603.69 a3Pi{—e3D} 190 
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TABLE Il—Continued 


f=) 


PN OS Na eee aa eeerar a Rohn Ge io 


co 
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409 


PART II 


Designation 


adFi—csDj 
a5P{—d3P, 
a3P{—b3P, 
abF,—cD} 
asF{—cSD4 
asF5—d3D} 
a5P§—b5S4 
a5F4—cSDt 
asFi{—cSD5 
a3P{—b3P; 


29 


206 
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TABLE Il—Continued 


Source |Obs. d (1.A.) Onc Int. er y Designation re 
A e/a 4291.88 | — 2 GA) ie ire 23203.28 asDji—e8F4 212 
2* 2 nee IV 23206.92 asPa—dsPs Pe 

op halts 42gr.2t | i, 5n 3206.9 ask —c3G! 207 
Te, Aa 4290.93 | — I 22 II 23208.44 asFi{—csD{ 209 
O eatelis: aise 4289.92 I 3 itl 23303 .92 a3D;—i5D4 208 
Oma 4289.08 | — I 25 II 23308. 50 ge. 209 

a3P{—b3 2 
a eo 4288.18 cE "| 3 TIA | 23313.38 ear i 
U ocr. 4287.41 o | 22 Il 23317 57 asFi—cSDj 209 
7 ees 4286.01 | + 1 25 II 23325.19 asF4—cSD{ 209 
ea oper 4284.99 | — I 8 Ill 23330.73 asPi—bsS$ 211 
i Re poe 4282.72] + 1 12 Ill 23343.10 aG,—F, 213 
Gp hee 4281.40 | + 2] Io III 23350.30 asF{—csD3 209 
icant 4280.08 fe) an it 2335750 aSD4i—bsD, 214 
Tce 4278.81 | + 1 3n Il 23304.44 a5D§—bsD, 214 
Ae 5 espe 4278.23 ° 7 IV 23307.60 aH’—cH 215 
| eet 4270.66 ° 2 iil 23370.18 aSD4—bsDy 214 
| ERC he 4276.44 ° 8 Ill 23377-38 as’P{—bsS$ 211 
3C,—23 

(pee mera. 4274.60 = 15 Ill 23387 .44 pmo 5s 
7 So Oe 4274.41 | + 4] (rn) | (IID) 23388. 50 aSD{—b5Do 214 
| ee 4273.31 | — 2 2 IV 23394.50 asDji—e Fy 202 
Pear 4272.44] + 1 8 IDL A | 23390.27 asFi—csDj 209 
1 ECE Se 4270.14 | — 1 m IV 23411.86 asDi—e8F 4 212 
5 Ser ate 4268.92 | — 1 (rn) | (III) 23418.55 asD{—bsDy 214 
Pee terete 4266.21 ° 3n IV 23433.44 a5Di—bsD, 214 
Erie 4265.71 | + 1 4 IV 23430.109 aG,—gF; 213 
Fe Pear, 4265.28 ° 3n Til 23438.55 aSDi—bsD, 214 
FT apicis cus OY 4263.14 | — I 15 Il 23450.31 aG;—g3F, 213 
Tee 4261.61 ° 5n Il 23458. 73 aSDji—bsD, 214 
Y PE 4260.74 | — 4 2 IV 23403.52 asDi—eSF; 212 
A elanens 4258.53 | — I 4n IV 23475.70 a’D{—bsD, 214 
UF ree oie. 3 4250.04 | + 1 8n il 23489. 43 aSDi—bsD, 214 
ae hciers att 4251.76 ° an Il 23513.07 asDj—e8F4, 212 
Ur aete i5 18. ok 4251.60 | — 1 3 Il 23513.96 v3G,—F, 213 
7 SCRE RTT 4249.13 ° 5n Tit 23527.63 asDi—bsD. 214 
7 oeRee 4237.88 | — 3 7 Til 23590.09 bD—eD’ 216 
Beaten: 4237.79 | +1 (2) (IIT) 23590.62 aSDi{—bsD, 214 
ht oe 4227.64 | + 1 5 Ill 23647.22 aP’—dD’ 217 
Y Le 4224.78 | + 2 IV 23663. 23 aF—cG 218 
(pace 4211.72 ° 4 Ill 23730.61 aP’—eD’ 219 
18 SEE 4203.46 | — 1 8 IV 23,783.25 b3Pi—f3P, 220 
Tce ed 4200.79 | + 3 6 iil 23798.37 bsP5—fsP, 220 
ere ee 4188.69 | — 1 5 Il 23867.12 b3P{—fP, 220 
7 fi oA 4186.12 | + 1 25 Ill 23881 .76 aG—bG’ 221 
Tee ac 4183.29 ° 4 III 23897.92 bsP{—fsP, 220 
ReaD Stic ATSOCSOs|— 74 |) (GB) e ee gees 23911.80 aS—cP 222 
Arete ai 4180.52 7 (aye |e 23913.74 a3D,—h3F, 223 
Aveta eee 4179.91 | + 1 (TR eee 23917 .24 a3D;—h3F, 223 
LO eh eee 4177.36 Aa |e (2) He eee oe 23931. 88 a3G;— cH, 224 
se 4174.47 | — 4 3 III 23948. 40 b3P,—f3P, 220 
DS Se cers, 4174.09 | — 2] (xz) (III A) | 23950.93 aD—e3D} 225 
Poe 4172.54 | + 4 (2) ta See 23958.94 a3G,—cH, 224 
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TABLE Il—Continued 


Leal 


BRON NHNWHHHWOUOR AN C 


ET EY 


6B 


H 
=] 


mm~ 
ees 
i=} 

Ye 


H H 
nh OoMmo 
i=} 


4II 


PAL AT or 

y Designation sae aS 
23908. 26 a3D,;—h3F, 223 
23977 -93 aG;—CH¢ 224 
23095.20 aG,—3H, 224 
24007.82 aG;—cH, 224 
24033 .79 a3D,—h3F, 223 
24083 .98 a3D;,—h3F, 223 
24086.49 asD5—b5P; 226 
24092.84 asG{—b3 Hf 227 
24098 .97 aS—dP 228 
24118.50 aD—d3G4 229 
24128.68 aSD{—bsP; 226 
24130.09 a5D{—bsP4 226 
24133.34 a3G4—b3Hj 227 
24148. 80 aSDj—bsP{ 226 
24163.62 a5Dj—bsP3 226 
24198.90 aSDi—bsP4 226 

BAQUT Ab: || ectae eter eerste sll aieenare 
24220.70 aGi—b3Hé 227 
24241.42 aSDi—bsP4 226 
24244.05 a3Gi—b3Hé 227 
24245.54 aF—cF’ 230 
24252.40 aGi—b3Hj 227 

DADS Aae bn eeu me ere oe | steecaRece 
24204.96 aSD$—bsP4 226 
24307.92 a3Fi{—aG’ 231 
24388. 32 a3D;,—f3P, 232 
24488.15 a3P,—c3P,; 233 
24504.53 a3D,—f3P, 232 
24512.10 a3P5—c3P2 233 
24520.04 a3D,—f3P; 222 
24524.67 asF4—aG’ 231 
24530.84 asDji—dsF i 234 
24554-19 asD5—dsF‘ 234 
24555.51 aSDi—dsF4 234 
24569.15 aD’—cF’ 235 
2457127 asDi—dsF{ 234 
24574. 34 a3D,—f3P, 232 
24589 .88 a3D;—f3P 232 
24592.66 a3Pi{—c3P, 233 
24598.05 a3Pi{—c3P; 233 
24621.97 a3P{— cP, 233 
24634.84 asDi—dsF¢ 234 
24637.93 | asDj—dsFj 234 
24653 .86 a3P{—c3P, 233 
24666. 44 a3D,—j3D; 236 
24688. 13 asF,—asG; 237 
24722.43 a3D,—j3Dt 236 
24743. 50 ask',—asG, 237 
24771.02 a3D,—j3D} 236 
24776.66 as3D,;—}3Dt 236 
24782.80 a3D,—}3D2 236 
24790.75 aGi—BF4, 238 
24796.03 asF,—asG, 237 
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TABLE Il—Continued 


Source |Obs.0(LA.)| (4X. | Int. | Temp. y Designation — | Mutt 
PE AOZO2H3| 22 25n iil 24803 .65 asF;—a5Go 237 
2 one area AOO7 (AG Wa. eats 4 IV PTY a i dal (Nr ORAS NCI mT ON Cac Se 
1 ee 4020.54. | — I 25n iil 24828. 22 asF',—asG, 237 
7 na 4024.57 On| ees II 24840. 37 a3Fi—b3F, 239 
of aoe 4021.87 | + 4] 25n III 24857.06 asF’;—a5G, 237 
Peete cee 4017.78 I I5n Til 24882 .35 asl’,—a5G, 237 
Ufone 4016.99 | — I 3 Tit 24887. 25 a3D,—j3D3 236 
fees § 4016.30 | + 1 6 Til 24891 .53 asF.—e3F4 240 
Ass Beene 4015.40 | + I r2n eT: 24897.11 aSF,—asG, 237 
PISA OAARA 4013.60 | + 1 r2n Tit 24908. 27 ask’, —asHé 241 
Wsteicrace 4or2.81 | — 1 3 Til 24013.17 ask,—eF 4 240 
A WEG Rae OOR ACLESS Sale ot 0 [3] [III A] | 24921.01 a3F4—a3St 242 
7 OCDE 4009.68 | + 2 15 Il 24932.63 asF4—asS4 243 
vA ec Bre 4008.94 | +1] 35 II 24037. 23 a3F4—b3F, 230 
bbs eres Se 4008.07 | + 1 on Il 249042.63 asl’,—asHé 241 
a ate horace 4007.21 ° 3n IV 24947.99 aSF,—asHj 241 
1 SIE 4005.98 ° 6n Til 24955.65 asl’, —asHj 241 
Ante tare 4003.80 o} tron Ir 24909. 24 aSF,—bsD, 244 
DRA ROE 4002.50 | + 1 on Ill 24977.34 aSF',—bsD, 244 
Walia araee 3099.34 ° mm Ill 24907.11 aSF;—bsD, 244 
ECR CE 3998.65 (4 2 | 100R II 25001. 40 a3Fi—b3F, 239 

x 14 ask;—e3F4 240 
| hit Ree 3994-70 |) 4 - 4n Ill 25026.12 isp re 
AR Stites 3993-79 | — I I IV 25031.83 ask ,—eF is 240 
oe Pan ri 3990.18 | — 2 (xn) | (IID) 25054.47 asSF’;—b5Do 244 
W iio EE 3989.77 | + 1] 8o0r II 25057.04 aFs—b3F, 239 
Bare 3989.58 oy] (G0) (III A) | 25058. 28 a3P$—aP 245 
Rite ae ZOS6- AS aceon 3 Ill PA fore) Enid eA OAeInIerC ONSET Oe lacie Once 
eee i ee ZOS5E 25 ie tcae 3 Til 25085) AOU acta ere cere ata ere 
rete aerate 3984.33 | + 1 3 Ill 25091. 25 aSF,;—bsD, 244 
Vi sat oe 3982.54 | + 6] 30 II 25102.53 a3F4—as$4 243 
| (SRE 3981.77 | + 1 70r II 25107.38 a3Fi—b3F, 239 
he RA 3981.47] + 1 (1) (III) 25109. 27 aSi',—bsD, 244 
rife i Pat Se 3972.10 | — 4 (o) (III A) | 25168.52 asP{—aP 245 
oa ate aa 3964.27} +1] 35 II 25218. 21 aki—biF, 239 
ep anriatede 3963.33 | + 3 (o) (III A) | 25223.87 asPi,—aP 245 
ee eres 3962.85 oy | ea II 25227.26 aF,—b3F, 239 
Wee fel cen 3958.21 | +1] 80 II 25256.83 a3F'4—b3D4 246 
(i ney aoe 3956.28 | — 4] 60 II 252609.14 aFs—b3D} 246 
YB adem Ae 3948.66 o| 60 Il 25317-91 a3F4,—b3D{ 246 
| bc eee 3047.75 | — 2] 40 II 25303 75 a3F4{—a3P, 247 
ke 3937-97 | + 1 an IV 25386.63 bG—eG’ 248 
1 foves ROes 8 3934.23 | — I 9 it 25410. 76 asF4i—bsD4 240 
7 fo SAE 3929.87 | +1] 40 II 25438.05 a3 F5—b3D4 246 
Ch one eee 3928.18 | — 3 C379 1 ue 25449.90 a3Gi— gE 4? 250 
1. Se 3927.40 | — I (CPE Ne ees 25455.07 vGl—pik) 250 
qt 5 3 3926.32} + 21] 10 IV 25401.95 aH’—{G’ 251 
hxc eee 3924.51} — r| 50 II 25473.69 aF{—b3D} 246 
Ye ee 3921.42 Oo 530 II 25403.77 a3Fi—a3P, 247 
a eee onc 3919.82 ° 5 Ill 25504.17 aG—cF 252 
Thad og eae 2OLGSEE lanes & IV AAV} See W fal Ra ae Airs, pei pel tndiesc ss 
7st Se 3915.88 fo) 3 TTA | 25529.83 a3F}—bsD} 240 
ips eee 3914.72 ° Fe Til 25537-40 a3F4—a3P, 247 


Source 


Sin aweys waa (ss 


a ee ee (6-0 6 
ee 
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PART II 


Designation 


a3Fi—bsDj 
aiGi—asG, 
as’G§—asHé 
asGé—a5Ge 
aD—bF 
a3F4—bsD} 
fa3F{,—bsD{ 
\asGi—asG, 
asF4,—b3D/ 
aSGi—asH} 
asGi—asG, 
asGé—asHé 
a3 F4—bsD4 
asGj—asG, 
aSGi—asH} 
aSG{—asG, 
aSGé—asH+ 
aSGi—asH?é 
aSGi—asGe 
a3Fi—bsDj 
aSG{—asG, 
a3F3—bsD} 
aSGi—asG, 
aSGi—asH} 
aD —cP, 
aSGi—asG, 
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aSGi—asHé 
b3Fi{—e3Gé 
aSGi—asH} 
aSGi—asH} 
b3F{—e3Gj 


b3F{—fF, 

adF;—dsF% 
a3Dj—d3P} 
ask, a dsF4 
b3F4 ae BF, 

ask, — dsF4 
asF,—dsF{ 
asHgé—g3G! 
ask, =n dsF4 
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34 
TABLE JII—Continued 
Source  |{Obs. 2 (1.A.) ea Int. Games y Designation ae 
er ie 3824.86 | — 2 4 IV? 26205.86 asF,—dsF4 258 
D eee 3813.26 | + I (OP Nksanscwe 26216.85 asF,—dsF{ 258 
25 aee Gee 3811.39 | — 7 4 IV? 26229.76 eae 262 
2 asF,—dsF 258 
GC See 3807.78 a a} I IV? 26254.59 rea ee 
AOE 3806.45 | — 1 I IV? 26263.77 asF,—dsF4 258 
Beate eet 3806.04 | — I I IV? 26266. 59 cPi—g3P. 264 
foe Boor 3805.48 | + 2 I IV? 26270.45 asl,—dsF{ 258 
De eae or 3805.13 | + 1 I IV? 26272.87 aSF’,— dsF4 258 
Pe Hoe 3801.07 | — 2 3 IV 26300.93 a3G,—h3F; 262 
A heidi she 3798.29 | — I 6 IV 26320.18 b3Fi—fsD 205 
Apne 3795.87 I 7 IV 26336.07 b3F{—fD} 205 
in gga 3794.74 3 (1) (IV) 26344. 80 a3P$—bP 266 
RSE ore 3703.67 | — I (Ga KM nee nee 26352.24 P{—g3P, 264 
Ai deens ace 3789.28 | + 1 8 IV 26382.77 b3F4,—BD5 265 
Sane dess 3788.80 ° 2 IITA | 26386.11 a3Fi—bsGé 267 
Fs er 3786.27 | — I 3 IV 26403.74 a3G,—h3F, 262 
Ta ae ea: 3786.16 | — 2 (x) (V) 26404.49 asD{—BF/ 268 
7 Peak ee 3780.03 ° 20 II 26405.41 aD—aP 269 
CO 3782.14 | + 2 2 TTA | 26432.57 asP$—cD’ 270 
OWidooe roe 3779-03 | + 3 (1) (V) 26454.33 asP{—bP 266 
Are 3774.32 | — I mm IV 26487.35 asF4—bsGi 207 
ave srs pian 3771.64 ° 25 I 260506.15 aki —oF, 271 
Werte ahaa 3766.46 ° 3 IVA | 26542.61 a3P{—cD’ 270 
Ashisos ye 3754.93 fo) ff IV 20624.11 a3G,—d3H, Aye) 
Neetu < 3753-63 Onl 25, I 26633. 33 aFi—coF, 271 
rae ees 3752.87] -+- x | 8or I 26638. 72 aFi—F, 271 
Bicinieees 3748.07 ° 6n IV 20672.84 a3G,—d3H, 272 
A eae ete 3747.80 | — I I IV 26674.70 aG;—d3H, 272 
Pes Sg aiehec 374r 14 | =- 3 I IV 20722.24 a3Gi—gsFf 273 
Oe 3741.00 | + 1] 6or i 26722.81 aki—cF, 271 
ia ees 3738.90] + 1 5n IV 26738. 2 aG,—d@H, 272 
DW ie este BUA NOUS avons 4n IV 2O7OU: Ay all we meter Reenter | eee eats 
rch ie eee ec 3733.78 ° 4D IV 26774.092 a3G;—d3H¢ 272 
y eae eae 3720.77 | — 3 | Sor i 20803. 71 aFi—3F, yp 
TEE aretene 3728.66 | — 3 I IV 26811.68 b3F4— g3F, 274 
a Yee ree 3727.05 | + 1 (x) (III A) | 26823.30 aD—eF, 275 
NSA 3725.12 | — 2 20 Til 26837.17 asP,—b3S4 276 
Yee ae 3724.59 | +1] 20 Ill 26840.99 aG—cQ’ 277 
rho sesitde 3722.58 | + 1 15? II? 26855.47 vki—F, 271 
Gaderer 3720.38 ° 2 IV 26871. 36 asSG6—dsFé 278 
DOR ANSE 3717.39 o |} 20 I 26892.07 asFi—oF, 271 
Bese SEU s20: at I IVA | 26893.91 b3F,{—g3F, 274 
See oe BV TERO ° I IVA | 26904.55 b3Fi—3F, 274 
| ANT Ler Eee I in 3n IV 20907 88: | see reman anit | Sete 
Fe eo 3713. 701|) —1 3 I IVA | 26919.68 b3FL—g3F, 274 
Ea Feta ets 3710.17 | — I (O)iey peters 26945 .39 bsP5—g3P, 279 
7 base te 3709.95 | + 1 20 Til 26946. 89 a3P{—b3S{ 276 
Bowes eee 3708.63 ° 4n IV 26950.52 vF,—fF;j 280 
ice 3707.53 o]} ton IV 26964.49 aSGi{—dsF} 278 
|| eee 3705.53 | + 2 (| Pee 26979 .03 b3P{—g3P, 279 
7 neta oe 3704.20 oO | 5 Til 26988 .06 b3F4i—g3D} 281 
oT Neat Serer 3702.98 | — I Z IV 26997 .62 aG—cH, 282 
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TABLE IIl—Continued 


Multi- 


Source |Obs. d (I.A.) Aa Int. aoe v Designation let 
seas 3702.29 | + I 10 1 27002 .65 a3P{—b3St 276 
erie BOO. OSale cen 4n IV ZAOTOLOOt | Peres Eta ae lise 
ee ts 3698.41 | — 1 (t=) 2-2... |-27030.07 b3F{—g3F, 274 
sone 3698.17 | — 1 3 IV 27032.73 b3P;—g3P. 279 
ies. bra tis 3096.88 | — 1 2 IV 27042.16 adG{—dsF4 278 
Pee 3604.43 5) |) Cate) Ill 27060.10 b3F{,—g3D} 281 
Pee ies 3089.89 | — 2 I5 I 27093 .39 aFi—3D} 283 
MO ove ais 3689.67 Oban (O) Bl eee 022700500 b3P{—g3P; 279 
2 3087.38 | + 3 5 URAL lh cdr meme. oe: a3Fi—b3Gs 284 
eres 3686.71 | — 3 (C) ee | eee eno vn O 27 b3P{—g3P, 279 
eee 3085.95 | + 1 2 IVA | 27122.35 b3Fi—g3Dt 281 
Ue Ri ts 3081.23 | — 3 I IV 27157.12 asGi—dsF{ 278 

A eens 20702050 |aeaene 2 IV STLOSIS Tle ete a nie ns |e Reet 
Pe oes 3677.75 | — 2] tr IVA | 27182.82 b3F{—cG’ 285 
Peet «sis 3671.66 | — 1 20 I 27227.91 aFi—b3G 284 
Pee or os 3668.95 | — I 15 I 27248.01 a3Fi—c3D} 283 
AO REA 3660.62 opi ee I 27310.02 a3Fi{—c3D} 283 
Rete ts s 3658.14 | + 3] 20 il 27328.54 a3F{—b3Gs 284 
ae 3054.58 On\eees I 27355.15 a3F3,—c3Dt 283 
Freeh iets 3653.49 | — 1 | Ioor I 27363 .32 a3 F4{—b3Gé 284 
Pacts ys. 3646.19 ° 12 I 27418.10 a3F{—c3Di 283 
OS Oe BOAABOO anenraer 4 IV ZGAIG S37 | eraie ore Stes Iota ah eae 
See efor 3644.46 | + 1 I IV 27431.10 aG’—dG 286 
pera siers 3642.68 | + 1] 8or I 27444.52 a3Fi—b3G4 284 
Reva Gree 3640.33 | + 4 I IV 27462.24 aSDj—esF£ 287 
Bre ois 3637.97 | +1 ite) II 27480.05 aFi,—c3D} 283 
Bane atiesieg 3635-47 | — 1} 8or I 27498.95 a3F3—b3G4 284 
Re Ss at's 3635.20 | —-2 8 II 27500.98 a3Fi—asP, 288 
Meyeiels is BOSS CAG tem eile 5 IV DRT 2AN auch o terete | Stee 
Ec OEe 3032" 00ulee ae 3 IV Dib Nia 2 251s wren eee Perens eeareto) “ll wars 
a hay sas 3626.09 ° 4 IIIA | 27570.08 a3Fi—asP, 288 
practiens BOSS GOT is es a IV BPEGO OSS | tara eee ene taro | ees 
Rats ogiske 3620.00 | + 1 I IV 27616.46 a3F;—g3F4 289 
Sra oe 3619.45 | + 1 I IV 27620.65 a3F,—g3F 4 289 
Ace 3617.21 ° I IV 27637.76 a3D;—g3P, 290 
oe BOLAN2OnIen eats IV S97 600 Rg hela eee Cr eee, 
WR can 3613.44 O} | ew) | Seneenes| 27000450 a3D,—g3P; 290 
St eee 3612.84 | — 1 (Ou)) oo aeeen «| 27071210 a3D,—g3P, 290 
Ata eerste: 3610.16 o| 12 Ill 27691. 73 aD—bP 291 
SF eros 3609.61 | + 1 IVA | 27695.95 a3P3—bsP, 292 
Be orc 3007.12 |--- = 2 IV 27715.07 a3F,—g3F4 289 
oats 3606.81 | + 2 4 TTA | 27717.45 a3F4—asP, 288 
BR eo 3606.06 | + 2 I IV 27723 .21 aF—dD 293 
BSS see 3604.30 ° 8 III 27736.75 a3F{—bD’ 294 
Bate Bares 3603.86 | + 1 2 TIITA | 27740.14 a3F4—asP, 288 
Rest oe 3602.02 | — § (Gu) i eereniees e277 54230 a3D,—g3P, 290 
PCr 3601.16 | + 1 I V 27760.92 as—eP 205 
Pe ecu 3508.71 O15 Ill 27779.84 aD—cD’ 296 
Sere BSSorOO | smite 4 IIT? DG ey LE ets Stas Sars ovo SHANE [Soo oon 
Seo 3578.25 | — I 3 IV? 27938.67 b3F{—h3D} 207 
ers ic 3574.24 | +1 8 III 27970.01 bG—fG’ 298 
Ole ae aoe: 3564.51 | — 3 Gira pl epee tce 28046. 46 b3F{—h3D} 207 
ete 2 vie) 3564.4 | — 4 I IV? 28047. 23 aD’—dD 299 
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TABLE Jl—Continued 


Source  |Obs. d (1.A.) wee, Int. pores y Designation ene 
eee ee Gite poe ot Si trees eoeay 6? IV 28003205 |e siverata ciara cone arate 
rad: ex Ont id | cee 3 IV 2OTT2: <0 4 | se epeien teers eee 
CoN 1 ae 3553.82 | — 5 (cee |beeecwealneousoe 7a b3F4—h3Dt 207 
eee 3547.01 | — 2 15 IV 28184. 73 aG—dF 300 
Liste occte 3542.51 | — 2 3 IV? 28220.53 a3H{—{G’ 301 
pAdiaene 3530.58 | — I I JITA | 28315.89 a3Fi—bsF,; 302 
Be reese 3525.16 ° a It 28359.42 a3G;—BE, 303 
es cree 3519.94 ° I IITA | 28401.47 a3F4—bS5F, 302 
Soret 3516.84 | — 3 B IV 28426.52 a3G,—BF, 303 
eaten 3511.64 | + 1 3 IITA | 28468.60 a3F'4—bSF2 302 
Steer SROTLAGH acne 3 IV BSEOR 7 Tall co creates ORO oe aeons 
ee cre 3500.64 fo) 8 I 28509. 20 a3F4—bSF 302 
Peete: 3504.78 | — 3 2 IITA | 28524.33 aG;—BF, 303 
osidiel peters 3503.7 — 1 I TITA | 28532.62 asl’, —bSF; 302 
Pear trc.cte 3499.10 ° 8 Il 28570.62 a3P4—d3P, 304 
ea taney 3495-94 ° 2 TITA | 28596.45 a3F5—bsF, 302 
Sree cis 3495-73 ° 6 IITA | 28508.17 asP{—d3P, 304 
Betray ae 3493.27 | — I 4 ITA | 28618.31 asF4—bsF, 302 
Snginetert 3490.77 ° I TITA | 28638.81 asF4—b5F, 302 
Laine 3485.69 fo) 6 Ill 28680. 54 a3P{—d3P, 304 
ayaa eae 3483.00 ° Co) Wes nonnall Siifera@o) a3F4—bsF, 302 
asa nak 3481.68 ° 3 IV 28713.58 a3D5—b3D; 305 
ie toes 2 3481.11 fo) 3 IV 28718. 27 a3Di—b3D, 305 
Beers. 3480.53 o}| 12 Til 28723 .06 asP5—d3P, 304 
Serer: 3478.92 fo) 6 TILA | 28736.35 a3P§—d3P, 304 
ne 3476.45 | — I 3 TILA | 28756.77 a3P4,—Db5S4 306 
dey ede 3472.81 ° 2 IV 28786. 91 a3D{—b3D;z 305 
ere 3467.26 ° 6 TILA | 28832.98 asP{—d3P, 304 
sts chien 3463.20 | — 2 I IITA | 28866.79 a3P{—b5S$ 306 
Reais BAROU ATA ec 3 Ill BESOS 42 lc oct anderen anteaters] faites 
aes 3458.01 ° 3 ILA | 28910. 12 a5P°'4—ds5D} 307 
PA re 3457-49 ° 4 Ill 28014.47 aSF{—dsDj 307 
bn eee 3457.20 fo) 2 TILA | 28916.14 as'4—dsD4 307 
Seine 3456.65 ° 6 Il 28921.49 aG—bH 308 
ene ete 3455-76 ° I IITA | 28928.94 aSF}—dsD{ 307 
re eee 3455-43 | + 2 I IV 28931.70 asl, —esF4 300 
Wipes tee SAR str 2 IV 28932. 21 ask ,—esF 4 309 
NSE, ee 3454-73 a : tr IV 28937.56 asF,—esF 4 309 
* 2 I asF;—esFL ° 

Bea Aree 3454.17 (eat I IITA | 28942.25 ees oe 
Sechaa: 3453-66 oy |i fae TILIA | 28946.53 asFi—dsD§ 307 
eas Se 3453.55 | + 1 COP \oeoecoall er yracnn asF,—es Ff 300 
eee 3450.75 ° I ILA | 28970.93 asFi{—dsD{ 307 
fe yee | 3449.87 ° 2 TILA | 28978.32 asF4—dsD} 307 
Rieter 3448.25 ° I TILA | 28991.93 asF{—dsD4 307 
Power 3446.6 | — 2 2 IV 29005. 81 a3G,—g3G} 310 
Shiner 3445.55] + I IITA | 29014.65 as5F4—dsDj, 307 
beaerdde 3444.89 fend |! aay IVA | 209020. 22 a3Pi—cF 311 
stats waren 3444.41 ° 3 IITA | 29024. 26 b3F,—i3Dt 312 
espe 3443.64 ° 5 Ill 29030. 74 b3F5—i3D} 312 
Ble oe soe 3439-30 | — I 8 Til 29067. 39 b3Fi,—i3D} 312 
Ata hen BAS5AO Van ee 3 Til 2OTOOs3S: Nec ae hee te we eeteetete 
tee carne 3431.86 — 3 (x) ule ezOEsOnto a3P{—cF 311 
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TABLE Il—Continued 


Source |Obs.A(LA.)| G*%, | Int. | Temp. y Designation | Multi 
Pe 3430.88 | + 1 2 Ir 29138. 71 b3F{—i3D4 312 
LT eRe 3430.54 | — I I IITA | 29141.60 a3Pi—fF, 313 
Nernst ales 3428.05 ° 4 Til 29155.12 a3G,;—g3Gt 310 
Ae risieieta se 3426.02) ear I IVA | 29162.18 a3Pi—fF, 313 
Reeaita eles 3423.18 | + 1 2 IVA | 29204,25 b3F{—i3D$ 312 
Petts sia 3415.99 | + 1 5 IV 29265.72 a3F,—b3D, 314 
PARAS ciate 3411.67 ° 5 IV 29302.77 a3F;—b3D, 314 
ee areca s 3405.09 ° 5 IITA |} 29359.40 a3Pi—fsDt S15 
fe acter 3403.36 ° 4 TTA | 29374.33 a3P3—f3D3 315 
Becks wie 3400.14 | — 3 3 IV 29402.14 a3F,—b3D, 314 
ete ae 3398.62 | — 1 8 Til 29415. 28 a3P§—f3Dt 315 
eats 3392.79 ° I IV 29465.83 aSD{—dsD, 316 
net bay 3392.71 | + 3 Io Til 29466. 53 aG—eF 317 
yo Oe 3390.67 omnl|| Weve: Iii 29484. 27 a3P{—f3D} Bis 
et ances 3389.90 | — I in IV 29490.96 aSD{—dsD, 316 
ear = 3389.60 ° I IV 20493-57 aD}—c3D, 318 
Reba ats 3385-03 | — I | 4or II 29525.53 a3F4{—d3D} 319 
eerie tare 3385.66 oO) |e 22 Hf 29527.89 a3Fi—c3G 320 
sai aoe 3362730 | -- © | x5 II 20557. 22 asP4—f3D/ Bry 
Ce 3381.44 ° 2 IV 29564.74 b3F4{—fGé 321 
arene 3385-35 | -—- I I IV 295605.52 a3Di—c3D, 318 
Batre tets 3380.12 | — 3 it IV 29576. 28 asDi—gsFy 322 
Ber paeas ies 3379-43 ° I IV 29582. 32 aSDi—g5F} 322 
pepeleat 108 3379.20 | — I I5 I 29584. 33 a3Fi—c3Gi 320 
ee eee 227757 — ers | Sor I 29598.62 asF{—d3D} 319 
Meera Stes 2377.40 | — 20 ib 29599.41 aFi—csD} 323 
Piet oes il 3375.09 | — 2 3n Ill 29615.09 as5D{—gsFs 322 
air 55% B27. 00) |e or I IV 29624.66 a 322 
5—D/—psF/ 

Sue ae 3373-58 i et I IV 29633 .61 NEN ae 
Bin custo 3371.44 | +1] 80R II 29652.43 aFi—c3Gt 320 
ee bison 3370.42 | — 2 4or II 29061.41 a3F{—d3D} 319 
Cee eat 3369.05 ° I IITA | 29673.46 a3Fi—csDj 323 
“Sanne 3367.87 I 3n Ill 29683 .86 aSDi—g5F4 322 

rh peeps 3306.17 | + 2 Is TITE | 29698.84 asGé—esFé 324 
Se ee 3303.60 | — 3 2n IV 29721.54 aF—dG 325 
So oars eres 3362.10 ° 3 Iil 29734.80 aSDi—g5F4 322 
Besse cleros 3361.82 | — I Io I 20737 227 a3Fi—csD} 323 
LS ager 3301.50 ° I IITA | 29740.11 asGi—esF 4 324 

12 ares 336n.27 | + 2] 4or I 29742.14 asF{—d3D} 319 
seems Te (Sia 3361.00,).-- 1] TO ik 20744.53 aFi—c3Gs 320 
Bete Fics ove 3358.47 | — I 8n IV 29706.94 a5Dj—gsF% 322 
RSE 3358.20 | — I Be) I 29768.79 a3F4—d3D; 319 
Pape cie cts, 3350.29 | — 2 III 29787.25 asGi—esF4 324 
oct eatees 3354.64 | + 1 6or II 29800. 92 aF{—c3G} 320 
Siti ea 3252.02 | -- £ 6 IA | 29816.21 a3sFS—cSD} 323 
ers arcs S250C53 | 2 IV 20837.47 asGi—esFi 324 
ee 3349-24 oo} (?) (III A) | 29848.88 a3Pi—g3F, 326 
ab raeee 3348.52 | — I a ILA | 29855.38 aFi{—csD{ 323 
ee 3344.91 | — I I III A | 29887.60 aSGi—esFi 324 
“oar eee BSAA FE t=O) eke IVA | 29889.49 asGl—eS5FL 324 
eran oe 3343-34 | — I tr IVA | 29901.64 aGi—esFi 324 
omnes 3342.70 | — I 2 ITA | 29907.36 a3F5—cSD} 323 
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Source Obs. d (.A.) onc Int. ToD: y Designation sara 
(ee oe 3342.14 ° 6 ITA | 20912.37 asF4,—d3sD$ 3190 
7 ope 3341.87 ; 2 5or II 29914.79 ees 320 

: fe} aD—d3P, 327 
Brewer 3341.54 ie I IITA | 20917.74 1asG)—esF 324 
TO Beene 3340.77 | — 2 (2) (V) 29924.58 ask’.—cG, 328 
Bice te ake 3339.5 — 2 in IV 29936.03 asGi—esF 324 
Seimoren 3338.82 | — 2 2 IITA | 29942.13 a3Pi—g3F; 326 
Sate ee 3337.40 | + 1 in IV 29954. 806 asF,—OG, 328 
pec apes Aeon 3336.94 | — 2 I IVA | 29958.99 asP{—g3F, 326 
Sa ee 3334.88 | — I I IV 20077-49 asD{—hsFj 320 
DD eer segrne 3334-35 | + 3 (rn) | (IV) 29982. 25 asF,—cG, 328 
Bena ue 3333-91 ° 2 IIIA | 29986. 21 asF4—cSDj 323 

5D/—hsF/ 

ssp actin Bice B3gs702 ee "| 2n IV 29994.22 bem oe 
Seatac 3328.34 | — 1 I IV 30036. 40 aSD{—hsF4 329 
Sree a aken 3327.3 ° mn IV 30045.77 aF,—c3D, 330 
Scored 3320.64 | + 1 2 IITA | 30051. 74 a3Pi—g3Dt 331 
Oita aes 3325 287 ° mn IV 30063. 23 a’Di—hsF4 320 
Oe neer 2208.09 ° B IV 30064. 58 aSF,—c5G, 328 
Sacreaee 3325.15 ; a 3 IV 30005. 21 asF>;—csG; 328 

* ie asF,—c5G, 328 
SI yer 3324.74 i— 2 4 III 30068 . 93 (or oe 328 
B acerieihts 3324.61 | + 1 I IITA |} 30070.09 aD—d3P, 327 
Si ries ean 3323.89 | — 1 2 IVA |} 30076.61 a’Dj—hsF‘ 329 
be par 3323.80} + 1 4 III 30077.42 bG—fF 332 
Seer eon 3323.66 ° 2n IV 30078. 68 aSDj{—hsF4 329 
7 eh 3321.58 ° 8 Til 30097. 53 a3Pi{—g3D} 331 
7 te oie 3318.35 | — I 4 IV 30120.82 asF,—CG, 328 
Ba ames 3316.38 | — 2 I IV 30144.71 aSDj{—b3D, 333 
Saas 3315.78 I an IV 30150.17 a3F;—c3D2 330 
Seine 3315.22 | — 2 2 IV 30155.26 asF,—cG; 328 
Batetoreatar S35450) |e— eT 8 III 30161. 82 a3P{—g3D{ 331 
O raermntts 3314.42 fo) Io I 30162.55 a3Pi,—g3D} 331 
i pecseMer 3312.68 | + 1 5 Ill 30178. 37 asF;—cG, 328 
Eee Pee 3309.71 | — I 6 Til 30205.46 ask,—oG, 328 
A arenes 3309.49 fey |i ads I 30207.46 a3P{—g3D4 331 
[0 EI Oe 3308.38 | — 1 sie) Tir 30217.61 a3Pi—g3Dt Ban 
TOG oe 3306.87 ° 10 iil 30231.40 ask ,—c5G6 328 
‘Reman 3305.75 | — 2 2 IV 30241 .63 as5D;—b3D, 333 
RACE 3305.29 | — I 2 IV 30245 .86 a’‘Dj—b3D, 333 
Be mete 3209.41 | — I Io Tit 30299.75 aD—eG; 334 
SRA ever 3297.78 | — 1 I IV 30314.72 a5Di{—b3D, 333 
Sse 3297.24 | — I I IV 30319.69 asD{i{—esD, 335 
Beers cesar 3297.08 | — I I IV 30321.16 a5D3i—e5D, 335 
OPE ee ae 3296. 21 Ot | Sa (syn eee 30329.18 asDi—esD, 335 
eee AE 3295.64 ° I IVA | 30334.42 asDi—esD, 335 
eens 3294.89 | — I 6 IV 30341.32 a’Dj—esD, 335 
y fe AT 3292.00 | — I 20 | ul 30307.40 aD—cF 336 
op alee 3291.07 | + 1 CO) nl eae 30376.52 asD{—esD, 335 
Totes cee 3280050) | — 135 NO) see eee 30390. 26 asD5—esD, 335 
1 3288.89 ° (Cora ee ee tas 30390.67 aS5Dj—eD, 335 
1 S28Ge7s no aece & IV ZOAO3' 00); | scataperaterernce cee rae eee 
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TABLE Il—Continued 


Source  |Obs.  (1.A.) boc Int. ee y Designation se ra 
Sores ays 3285.24 ° 2 IV 30430. 44 as5D3—e5D, 335 
Ciatereras ace 3285.04 | — I I IV 30432.29 a5Di—esD, 335 
Bea eevleic 3283.94 ° 2 IV 30442.49 a5Di—esD, 335 
Oxatne os 3280.38 | + 1 2 TILA | 30475.52 a3Pi—cP 337 
Shana 3278.96 o} [12] TITA | 30488.71 aD—fF, 338 
ns ep bioe 3277.82 Ole) (IV) 30499. 40 asDi—esD, 335 
RA own si 3274.05 o| (5) | CITA) | 30534.44 bsF{—}sDj 339 
iC 3270.56 ° 3 TILA | 30567.03 b3F3— D3 339 
OSetivas >: 3208.60 | + 2 I IITA | 30585.35 a3Pi;—cP 337 
SO Fake 3207.41 | + 1} tr IVA | 30596.50 aD—fD; 340 
ES ope 3267.06 | + 1 2n Ill 30599.77 b3F{—k3D5 341 
Sigur jos. 3205.46 | — 2 2 TILA | 30614.75 b3F,—j3D 339 
Serrcae: 3263.83 | — 2 an Il 30630.05 b3F3;—k3D} 341 
Stn atin 3262.63 ° I IVA | 30641.31 a3P{—cP 337 
Storer riiers 3260.39 | — 3 I IV 30662.37 b3Fi{—k3D{ 341 
Sh oars 3260.26 | — 2 3 ILE | 30663.59 a3P}—dP 342 
Sie tev 3259.41 | — I 2 IV 30671.58 b3FS—j3D3 339 
See sine: 3259.04 fo) I IVA | 30675.06 b3F4—jsD4 339 
Hoe 3248.60 | — 3] 15 III Er } 30773.63 a3Pi—dP 342 
imei tareehe 3243.80 ° 4 IIIA | 30819.18 a3Fi—e3D} 343 
Saat ests 3243.51 | + x 3 Ii 30821 .93 asG§—c5Gs 344 
Wogropaceter ies 3238.20 | — I 4 IV 30872.47 asSGi—c5G, 344 
Oeage soe 3230.20 o| —) tat te IITA | 30891.45 aSF;-—cSH6 345 
Dacre isin 3233.62 | — 1 COP slates 30919.08 asF’,—cSHé 345 
Bieta as 3232, 75 ° B IV 30924. 23 aSG4—c5G, 344 
Oeutet ates 3229.86 oO: | tr IVA |} 30952.18 aSF;—cSHj 345 
Beers uss 3228.17 | — 1 2 Til 30968. 39 aSG3—c5G, 344 
Breer ie 3227.04 | + I 2N Til 30970.60 asSF;—dsD, 346 
Bre oc/er 3226.49 fe) NG | MLV: 30984. 52 asSF,—dsD, 346 
Brace gen 32200020) eal I IITA |} 30987.11 a3 F4{—d3G} 347 
Vi hci OR ae 3220.11 On |imre iil 30988. 16 aSG§—c5G6 344 
OF ear 5 eae 3223.51 o] 10 Tir 31013.16 asGi— OG; 344 
oC ore ree 3223.00 ° 2N | I 31018.06 aSF,—d5G6 348 
Sto cee 2222.74 ° 3 ILA | 31020.57 asFi—e3Di 343 
Yoke 9221.37 oh || axe’ Ii 31033-77 asGi—c5G, 344 
Slain eerie 3221.14 ° 2 TILA | 31035.98 aFi—esD} 343 
Soa a ieee S2coroou| 7 = I IITA | 31044.26 asF,—dsG; 348 
ORE Serer 3219.33 ° re |) Le 31053.43 aSF,;—ds5G, 348 
Test 8 eu 3970.21 | ++ I 8 Il 31054.58 aGi—c5G, 344 
See ler te 3218.98 I 2N | III 31050. 80 aF;—dsG, 348 
saan 6 eae 3218.67 | — 1] tr IVA | 31059.79 a3P3—h3D{ 349 
10) ee 3218.47 | — I (oN) |} (IV) 31001.70 a5F,—ds5G, 348 
| roe 3217.95 ° 8 U1 31066.74 a5Gi—cSG, 344 
Seah os<,% 3216.19 | — I 3 TTA | 31083.74 asP3—h3D$ 349 
Ee, 3214.23 | — 1 | 12 I 31102.70 ae 347 

— a3 s— 3 
Peano 3213.14 fr df 8 Ill 3I113.25 one ms 
Serres Benito, || am In IV 9I133°30 adF,—gsF4 350 
soi aie Ei 3200.02) | — 75 4 IV ST 53.20 a5Gi—c5G, 344 
"hs ah Oe 3907,.00) || + 2 5 IV 31164.06 asGi—cG, 344 
i feae coer A207 330 pot 5 Ill 31169.60 a3P{—h3D{ 349 
EO 3206.82 | + 1 5 IV 31174.56 a5Gi—c5G; 344 
Pilea eae: 3206.34 | -- I 5 IV 31179. 23 asGi—c5G6 344 
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TABLE I1—Continued 

Source |Obs. d (1.A.) Boe Int. one v Designation er 
Pcs 3205.85 ° 5 1a 31184.00 a3 Fi—e3Dt 343 
Ser ee 3205.15 | — = 2 TILA | 31190.80 a3F4—e3D} 343 
Tate 3204.87 | + 1 6 Il 31103-52 asP{—hsD} 349 
7 ener 3203.82 fo) 15 if 31203.75 asF{—d3G} 347 
Vireo note. 3201.59 ° 5 II 31225.40 asP§—h3sD{ 340 
Paes 3199.91 o | tooR II 31241.88 asl’4—d3G! 347 
Shapes Baer || ae Bt mn IVA | 31246.58 ask. —gsFé 350 
TO pecker 3109.34 fo) (rn) | (IVA) | 31247.45 asl, — ess 350 
Sexe! 3198.75 | — x m EVA || 32253..6r ask ,—gsF4 350 
yet 3192.00} + 1] 80R II 31319.20 a3sl’{—d3Gi 347 
in Mas 3186.45 o |} 6or iit 31373 .83 asF4—d3G} 347 
(Rete 3179.28 | + I 3 IITA |} 31444.50 aD—g3D; 351 
ViNOE SO ee S020 (2a et 4 TILA | 31509.61 aD—g3D} 351 
SF re crear 3172.38 ° mn IV 31512.09 ad F,—hsF4 352 
ys oth tek 3170.02 |. — 3 IITA | 31527.49 ask, —aslts 353 
(sbi aie Ze 3168.04 re a 2n IV 31556.15 ie Br 5 
Loe net Sra 3163.92 | + 1 I IV 31507. 24 ask,—hsF{ 352 
HON ied ete 3160.95 | — I (o) (IV) 31626.93 ask’, —hsF4 352 
SI Sa ane 3160.09 | + 3] tr TITA | 31635.54 a3F4—b3P, 355 
Oo wee 3157.66 ° I IITA | 31659.88 a3Fi—a3H, 353 
f Bon Aen Spa a Rom tng ars 3 TLIA, * || S17 005755 \|.03 x eee eae ees eee 
oat are 3151.11 | + 1 tr IVA | 31725.69 a3 4—b3P, 355 
ee ae 3147.42 | + 1 I IVA | 31762.87 asF;—b3D, 356 
here eet 3147.26 | — I 3 IV A| 31764.49 a5F',—b3D, 350 
ae oc 3146.24 ° 3N IV 31774.80 aGé—d5Ge By) 
Dantes 3145.51 ° I IVA | 31782.18 a3P2—e3P; 358 
Se woe 3143.34 o}| 12N IV 31804.12 aSGé—cSHf 359 
1 a ot Oe 3141.67 ° 10 IV 31821.01 asF;—esD, 360 
pen ee SaAnS SE |) oer I5 II 31822.63 aD—cP 301 
Seale teen! 3530-07 | 1 5 1|) ON IV 31839.25 asG{—c5H6 350 
hee ee 3138.87 | + 2 aly gl epee 31849.40 asl’,—b3D, 356 
Sone 3138.62 ° m IVA | 31851.94 a'G{—d5G, 357 
1 esas ap 3137.36 | — I (r)Neylhcen erac 31864.72 asP5—e3P, 358 

/ 
7 ae 3136.03 i" | 2 IV 31878. 25 hess oe 
\ 3 

Bek wales 5 3135-05 ° 8N IV 31888. 20 asG)—cSH! 359 
Opeeet ee 3134.66 I I IVA | 31802.17 ai P{—e3P, 358 
re opestateale 3133.13 | — I I IVA | 31907.74 a5F,—b3D, 356 
Seen 3132.71 ° ON IV 31912.03 a5G4—dsG, 357 
ie eee Fini eee ain Whnrdien 3N IV SLOTS 123.11] suns spore oe oeake reac eee lean 
STtzens =. STIG. OF Ul on I5? IV 3103520 chickeee omen eae 
Bote Oe 3130.38 fo) I IVA | 31935.78 b3F,—BF, 362 
ee eee 3130.16 ° 8N IV 31938.02 aG{—csH} 359 
Siero 3129.027| — 2 I IVA | 31943.53 b3F4{—BE, 362 
ge elds 3129.07 [4 ° 7 IV 31949.14 asF,—esD, 300 

* I Bs a3P$—D/ 
ee 3128.64 1) 4 oi] 8 IV 31953-53 Nee ay ee 
oon ee 3127.90 {T 4 5 Iv eee (ae 360 
Caen 3127.67 ° 8N IV 31963.44 asG4—csH} 359 
ro et A 3127.43 | +1 ? IVA | 31965.90 a5GL—d5G¢ 357 
aaa a 3127.23 | — 3 2 IV 31967.94 b3F,—BF, 362 
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TABLE Il—Continued 
Source |Obs. d (1.A.) ea Int. ees » Designation ag 
To) tarde ait 3125.64 | + 1 (2) (IV) 31984. 23 asF,—eD, 360 
tos ace meer B25 55 fe) 2 IV 31985 .13 asF;—eDo 360 
Sherisenis 3124.74 ° I IVA | 31993.41 asG3—d5G, 357 
Teta ae 3123.76 | — I 20n IV 32003.45 adGé—g5Ff 364 
Tate nove Soh 3123.07 Ones Il 32010. 51 aD—dP 365 
bob tay Saree 3122.80 | + 1 tr IVA | 32013.29 aiGi—dsG; 357 
to Pah are 3120.21 ° 3 IV 32039.85 as5F,—e5D, 360 
| Shes 
rua ae 3119.97 ee a 2 IV 32042.32 eee wis 
So aeeetece-s 0 3119.73 @)| 2725 Ii 32044.78 aG—cH 366 
Gixe Mees 3 Byki sfojeginey | ae he I5 IV 32001. 23 asG{—gsF 4 304 
Savoe seas 3117.89 | — 1 5 IITA | 32063.70 a3P{—i3D{ 363 
Vist ere 3117.45 ° 6 it 32068. 22 a3P{—i3D} 363 
Pian te s 3114.09 o | 2on IV 32102.82 asGi—esF4 364 
Vics ene 3112.48 | — I 8 Tir 32119.44 a3Pj—BDt 363 
EP ee 3111.28 o} ton IV 32131.83 asGi—gsF4 364 
Sie Beas eimite mone, | Wee Ax 4 IV CORE te/7 Mb Ae eis ORE DEEDS 
7 fe Oey en BLOM S Minas 8n IV R2TAG 3 Oy | ces ie cree sha ghost mvaral) nusrotetere 
Vie iene BIOVsAG | st. 2 r2n IV ean: asGi—gsF{t 364 
eck ane 3106.80 ° 8 STA) 32078 45 asP{—i3D} 363 
Sura sais 3105.22 | + I an IV 32104.52 asG{—g5F¢ 364 
Oierrerass 3102.50 ° 3n I 32222.74 asGi—g5F 4 364 
BN aie ant 3101.77 | — I in IVA | 32230.33 asGi—g5F3 364 
Sento, 3101.48 | — 1 4n Il Bagaa.8h asGi—gsF4 364 
3P/— 3S! 
ht ae 3100.67 { 12 TITA | 32241.76 he Say pe 
bo cae ree 3093.83 fo) an IV 32313.04 asGé—hsF*é 368 
Fie to ae 3090.13 fo) 8 Tit a2acTe7 2 a3P{—c3St 307 
Oseeracre. < 3086.82 | — x ar IVA | 32386.42 b3F,{—cH 369 
Ch ane 3085.03 ° an IV 32405.20 asG{—hsF 4 368 
DER Ses 3084.81 fo) 4 IITA | 32407.52 a3Pi—c3S{ 307 
Davita 3082.02 || (1-2 a TA 4) 32430. 55 aD—h3D; 370 
GEO awk 3080.17 | — I I Til 324560.34 b3F4{—BD} 371 
eG net 2079.82 | -- 2 I IIIA | 32460.03 aD —h3D; 370 
iDance pa 3077.72 Onl cn) (IV) 32482.17 asGi—hsF4 368 
oRterate ete 3071.92 | +1 (0) (IV) 32543.50 asGi—hsF4 368 
Te tee 3042.54 ° 3 DITA | 32857.73 a3F4—bF 372 
She aoe 3025.06 | + = D Til 33047.59 aD—dF 373 
tee oes tae BOOT GSO Itai. cue 3 IV BAOOR OO Me cle one eons ore ews | arraett 
Stare ees ROLG ESS. Mere ce te 4n IV BSTOT OTs [ome Leower Vaeutial eee ait 
Shareeaicl: Kose | ae tr EVA SozenT 26% aD—e3P, 374 
Sree cies B0070AS fo... =: 4N IV BIDAC. 1S." |stats 2] oa eee 
SSechcieee 3005.37 ° on IVA | 33264.10 b3F{—j5F, 375 
SoReete cans « 3003.65 ; 2 on EVA | 32283-75 lakh Bus 
* Giant as F{—dsF, 376 
PE evata, e613 3002.73 laos 3 TITA | 33293.36 {bsFi—pF, are 
Revit 3000.87 fo) 20 jul 33313-98 asFi—da3F, 376 
Cae kon 2009.78 | + 1 tr IVA | 33326.08 a3Pi—f3P, Bar, 
Seta ves 2000040 2 eee IVA | 33341.31 a3P43—f3P; Bp 
oie nee BOOS FS is wens 4 IV BBO OLORE || ree eee Ga gear 
Shi eee 2993-94 | + tr IVA | 3339r.09 b3F4—j3F; 375 
Seen: 2003.05 | + 1 tr IVA | 3340r.01 b3F4—}j3F, B75 
Sanur ack 2901-79 | + 2 I IVA | 33415.08 aD—1D; 378 
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TABLE IIl—Continued 

Source |Obs.A(LA.)] (4X, | Int. | T9RP 3 Dedgeatten Multi 
Senne 2990.98 ° 3 IVA | 33424.13 b3F{—m3Di | 379 
See 2990.48 | — 3 a IVA | 33429.73 b3Fi{—m3D} 379 
Sa eee 2990.03 | — 2 3 IVA | 33434.75 b3Fi,—m3D{ 379 
Soeaser 2989.91 yl] tar IVA | 33436.10 a3P;—f3P2 By) 
See ae 2985.46 | — I B IITA | 33485.94 aFi—daF, 376 
Cher aPC 2983.29 | — 1 | 20 II 33510.20 asF4—d3F; 376 
TASS S56 Gone 2981.45 | — 2 (2) (III A) | 33530.98 aFi— dF, 376 
ee amon 2980.28 | — 2] tr IVA | 33544.14 asP5—j3Dt 380 
Serco 2976.32 | +1 2 IITA | 33588.75 aD—2D} 378 
VAS one 2974.93 ° 4 TITA | 33604.46 a3P£—jsD3 380 
TaN ons 2970.55 | — I 4 IITA | 33654.00 asP{—j3Dt 380 
Whee epee 2970.38 @} || aie: ITA | 33655.93 aki—d3F, 376 
Sree 2969.37 | — I I DVRS e3067507 a3Pi—k3D} 381 
i arena 2968. 23 ° 4 TITA | 33680.30 a3Fi—dsF, 376 
eaten rat 2967.22 Onley It 33601.77 a3sF,—e3F; 382 
Sree 2966.38 | + 1 I IV 33701 .31 a3P{—k3Df 381 
Sacer 2065.72 | + 1 15 IIT 33708. 80 a3P§—j3D} 380 
Weed arte 2965.68 | + 5 8 Til 33709. 26 a3P§—jsDt 380 
AR once 2965.24 | + 1 (6) oo) | See 33714.27 asP{—jsD4 380 
Barras 2961.48 | + 2 2 TILA | 33757.06 asP§—k3Dt 381 
Bane 2959.98 | + I 5 CUA e277 4 3r7, a3P§—k3D4 381 
Soran 2059.71 ° 3 WEA | 33777.25 a3P{—k3D4 381 
Y POI 2950.80 Ou] 225 II 33810. 50 aFi—e3F, 382 
EER ot 2956.13 o | 7oR II 33818. 16 aki—e3F, 382 
PERI CAE 2048.25 o | oor II 33908.55 avki—e3F, 382 
Doers 2947.72 | — & 3 IITA | 33914.63 aD —f3G} 383 
OF ance Ne 2041.99 | — I 6or II 33980. 69 aFi—e3F, 382 
1 (tg 2937.30 ° 25 II 34034.06 aki—e3F, 382 
7 ELE 2933-53 ° 25 II 34078.68 aF,—eF, 382 
VEG aoe 2028.32 | — I 30 II 34139.31 aG—{G’ 384 
Par en 2222020] aT 2 IVA | 34202.39 aD —h3F, 385 
EAN epee 2012.47 ° 2 IVA | 34325.12 a3P,—eP 386 
i i Aenee 2912.07 | + 1] 40 Ill 34329.80 aD—eF 387 
pc one ZOORTOS: lie eee 5 VAS | S4A0 566 saree ie pera e | neereetee 
Orne 2903.17 ° 2 IV 34435 .04 as3P{—eP 386 
Fa ets OEP RUE Mxccisise [3] BAO IM ee atomov il Wan.s Gnome, Gece alls aco oe 
See eres 2883.23 | + 1 rf IVA | 34673.18 aD —f3P, 388 
Beret 2881.94 ° I IVA | 34688.70 aD —f3P, 388 
Bas aise tee 2500e2 7 a| uate 5 2 IVA |} 34951.49 aD—j}sD} 389 
es Boies 2855.13 ° I IV 35014.42 aD—k3D} 390 
See 2853.43 | — I I IVA | 35035.27 a3F4—cD’ 301 
Shee 2836.60 ° I IVA | 35243. 14 asl’i—esD 4 302 
ROR AOS 2836.40 ° in IVA | 35245.61 asF4—esD4 392 
Sirens 2836.09 ° E IVA | 35240.47 ask i—esDj 392 
Sie terete 2835.63 ° 2 IV 35255.10 abFi—esDt 392 
Beet 2834.75 ° 2 IVA | 35266.13 aSFi—e5D4 392 
‘omc alee eee 2832.26 ° in IVA | 35207.23 asli—esDt 392 
Ss 2831.40 | — I In IVA | 35307.85 asF3—esDi 392 
Nea Maes 2830.03 fe) 2n IVA | 35324.95 asF4—esD} 392 
SP nes oA 2828.05 fe z a IVA | 35349.68 en Be 392 

fi—e 

Ree: 2826.37 fo) tr IVA | 35370.69 a3F}—dsD/ ne 
St oneee eye 2825. ° I IVA | 35387.09 asF4—esD} 302 
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TABLE Il—Continued 
Source Obs. 2 (1.A.) noe Int. roe v Designation ning 
Geers near 2823.46 | — 1 I IVA | 35407.13 asF4—dsD} 303 
Bete cei: 2821.51 | — I I IVA | 35431.61 asFi—esDj 302 
Geese: 2817.83 | — 7 Gir eerste 35477.85 a3P5—BDs 304 
55S sineteneas 2817.37 | — 4 (rd ee eo eae 35483.64 asP{—]sDt 304 
Hie custo 2812.96 | — 3 2 IVA | 35539-31 a3P{—I3D{ 394 
hater ee 2809.15 | — 5 5 iil 35587-50 a3P{—I8D} 304 
vie amittores 2805.68 | — 6 6 Til 35631.51 a3P3;—BD; 304 
ick eee TORN 2802.47 Oo} 5 Il 35672.31 aD—eP 305 
Aare Sos 2758.06 Oo} 20 Ii 36246.68 aG—fF 396 
Aeraeteoe ests 2757.40} +1 6 Ill 36255.37 a3Pi—d3S{ 397 
Aerated tats 2749.04 | — I 5 Til 36365.60 asP{—d3S{ 307 
BN Mea es vow. 2744.85 | + 1 iat |b aes 36421.11 asPi—d3St 307 
Baie ees 2742.30 Oo) 55 III 36454.99 aD—dD’ 398 
Te eee = 2741.82 | + 1 (Cake ee oer 30461.35 a3P$—m3D} 399 
Ra renee 2740.88 ° (Cys Seo A eres 36473 .86 asPi{—m3D{ 309 
Sere ee 2739.80 | + 1 15 III 36488. 24 a3P2—g3P; 400 
iis See oe 2736.71 | + 2 CNS ees bas 36529.40 a3Pi{—m3Dt 309 
FT ever ns 2735.61 | +1 6 Il 30544.12 aD—eD’ 401 
WP RNs case 2735.29 o} I0 Ill 30548. 27 asP{—g3P, 400 
Sie ata 2733.27 | + 1 30 Til 30575.48 a3Pi—g3P, 400 
Gd Mayers os 2731.59 | + 3 7 Ill 36597-91 a3P{—g3P; 400 
Bora eree 2731.14 ° AM Noire nee 36603 ..86 a3Pi{—m3D} 399 
aida ete ors 2727.38 | — 3 8 iil 30654.40 a3P§—g3P; 400 
Sree es 2725.08 | + 2 Io Il 36685. 33 asP{—g3P, 400 
oe eee GXotary eee te wn eee TOL lees scsi. STLIOQOS) [crete oe eens cali acaeenes 
TON ete > 2685.14] +1 (Eas ae 37230.97 a3Fi{—eGi 402 
Aes ei sila BODABS 55 |i Hoek Brae penne S72BAROO) seins arse acl anise 
Spectre a.’ 2679.95 | + 3 20 IV 37303 .07 asFi—e3Gs 402 
C1 Pe 2676.09 | + 1 OL) ete kone 37350.89 a3Fi{— fF, 403 
Oke ce oes 2669.61 | + 2] 15 IV 37447.55 aFi—e3G{ 402 
Sartre et 2669.27 | + 1 Dreoal| ten sereston 37452.32 a3F{—cF 404 
Tree csi 2668.36 | + 3 (T)gslncoee ee 37465.11 aski—fBF, 403 
Arete oars 2661.98 | + 1 Io IV 37554.87 aFi—eG{ 402 
TO ecb ies 2660.66 | + 2 CUA oe etoos 37573-51 aki—fiF, 403 
Bieta beet 2657.19 On erO IV 37022.58 a3F4,—cF 404 
BS ea eaeeh statis ZOSOLOZ Ella esers Baie) \sasre sees 27 O20 saan area wera a relics cee 
Baers gars BOSOUS ON Manes Ase US bse BIO SAROAI anwneeras aie tes eit ey meeane 
S Relea nes 2654.93 | + 1 Boul | toca seaens 37654.59 a3Fi,—fBF, 403 
Lote sts oe een lem etal Ga) dy ar eae 37681. 71 a3Fi— fF, 403 
Soe Oe BOAG.60 Jocsns. Del Sire sates CHU OR SEW (oon ODA crs Paes a 
Aiea aa BOAO S Talento Ay Wee cxcers ops EU iG toot PN ounce use Bele Sool teenie 
Tote ak te’ 2648.65 | + 1 Cr) pe eee 37743 .82 aFi—BF, 403 
hemo ASE. 2046.65 | + 3] 4o II 37772 -39 aFi,—f£D} 405 
Botereran 2644.28 | + 2 40 iat 37806. 31 a3F{—f3D} 405 
Oia nscues 2641.12 | + 3 | 4o II 37851.48 as F5—f3D{ 405 
LO esc 2636.16 | + 1 CO ese 37922.69 aD—g3P, 406 
os OO 2632.42 | + 2 TS iy il cee aires 37970.55 a3F3—f3D} 405 
A Mig cce cs 2031.55 | + 3 Gay leas are 37989 .12 asF4—f3D} 405 
Bieniesins 2619.04 o |} tro IV 38157-45 a3Fi—g3F, 407 
aE ray « ie 2011.47 fo) Gro | Asa cic 38281.20 aki—pF, 407 
Serna da: 2611.29 © |) 25 IV 38283 .84 a3Fi—g3F, 407 
Beene ee ars: 2605.16 | -- 2 | 25 IV 38373-92 a3 Fi—93F, 407 
re Cee 2604.88 oy lh CB a Pee eee 38378.07 a3Fi—g3D} 408 
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TABLE Il—Continued 


Source |Obs. A(LA.)| XG 


-QI 
.60 
63 
.66 
Boy 
. 26 
.22 


+L ++H+ | 


Vccmaesdnaees 


+1 +441 


OOOH OOHHHHHNHOHKHWOOHH 


| 
rT 


| 


4b 


HNNOODOONHR OHH OONOHO 


Seen 


Designation 


aFi—g3F, 
asF3—g3F, 
a3Fi—g3D} 
a3F5—g3F, 
asFi—g3D4 
a3Fi—g3D{ 
a3Fi—g3D4 


asFi—g3D} 


cece me ce ee eee ec erts es e860 


a3F4i—h3Ds 
asks ; —h3D; 
ask) — hsDi 
asF,— h3sDt { 
ask4— h3sD/ 
a3 F4—h3D} 
agF{—BDs 

asFi—dG’ 


ask {—h3F, 
aj l'4—f3Gi 
aD—fF 


asks fer h3F, 
a3F4—f3G} 


vli—hF, 
asks <— h3F,; 
a3, —h3F, 
als = h3F, 
ak; — h3F; 


asF4—jsD3 


a3F,—j3D} 
a3F4—k3D} 
a3F4—k3D} 
a3 F4,—BF, 
asks Sen BF, 
a3 Fi—BF, 
a3F4— BF, 
a3Fi—BF, 
aay ye BF, 
aF,—BF, 
aF4i—BD} 
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TABLE IIl—Continued 
Source Obs. d (1.A.) aire Int. ae y Designation pee 
Boiysticeens eu Lona i se| hap xe ok LoL. OU oe ea ae 43908 .67 a3F4—}3D) 418 
poe eee 2273.33 | +5 pe tie wate 43974-73 a3F4—]Dt 418 
pen one 2297263) |) -teea= | (4), Veet coe 43988. 33 a3F4—p3Gt 419 
hese ga72.4n | fp i2| (2) eis. k: 43991. 82 asF4— g3Gi 410 
op aoHes 2268.78 ° Ca ee ee 44062.96 a3F4—]3D} 418 
Ger eae 2267.98 | + 5 CBee ae 44078.50 a3i°4,—]3D4 418 
tor a ES DOOM OTA ese en Meee es BATRA SSO sorties, cies 8 a's 02's cre sts 
Ceres 2260.08 | + 3 (Gest eee 44232.52 a3F4—]LD} 418 
Se aie S, DIAC TA Neon Aaa ete 2 See AASOO 08: | heelac ae os ob lee helllapse tees 
Oe ce acer 224A O00 || j= 2 1 (A). lesen ane 44535.69 tg 420 
es ne 2238.73 {4 a CR nea 44654. 22 sort ae ae 
Ome kee 222 O20 pene ‘Ga Nee AAOOLA7O. || rocte sans Poon ta 
ORF ete 2233.79 fo) (Ayia eat. Ae 44752.94 a3F{— pF; 420 
Cheon 2230.48 | + 1 (C0 ad Ronen 44819. 33 a3Fi{—m3D} 421 
(trees 2230.18 | — I Cae eee 44825.36 asF4—}F, 420 
Onn es 2220.67 |...... (GA Reetonete AARSOU OTT eee te aee eee 
Oe eaitnas 2227.91 | — 2 Rot) ceeeseny on 44871.22 a3F4—j3F, 420 
Ora BOE N ome BW AB Ve a cin SB 44894.18 asF{—msD, | gar 
O ee Gh of HAA EE | aRO rs (Dy eect AA ODA | ira he eames ee tec | eR 
(eee ee 2223.10 ° CO) ees 44966.45 a3Fi,—m3D{ 421 
Goat 2227 AGM ieee (Aye Rox a cranie ASOO LOY: [chin cte atin oes ceeaee 
On neveis e5 2219.75 ° COP Whe eone- 45036.12 aFi—m3D} 421 
Green t 2218.38 ° OE seman: 45063 .92 a3Fi—m3D4 | gar 
OReRirs 2211.36 | — 3 (ip) Sect eas: 45206.94 a3F4,—m3D} 421 
OMe eae OT AGRO ln oe (eal | Sere BOOS 7icAA? | Rers non mero ee eee 
(cae cect OU ZOROR Niner oe Cae Bee eee AVOLONTON| amenity tis oe ron sess 
(Lae Dieta fol twee (Ae lorcsee ls oly fy eis os Ib Pectin ee mee AG oo ita 
(es Seer SLATH OOM ean es (3) | eee APTUOUTOC mere rahi a rates el eee 
OM ess ane ALI COU ate erarg (2)ibuleerer ce ATBQEEAGT Sc ewe essere Ue tay laeroens 
* Blend. 


t Lines from sun-spot spectrum. 


} Error in \ corrected. 


§ Blend with enhanced line. 


|| May be Fe 3705.57. 


Measured in low-temperature furnace. ‘‘\ 3361.30 measured in high-temperature furnace, a difficult 


blend” (King). 


** Apparently coincides exactly with Ti+line. 

tt Blend with enhanced line. Enhanced line to violet. 
tt Not Fe 3125.66; unresolved, but double. 

§§ Blend with Fe 2981.45 but too strong in furnace for the latter. 


{{ Too strong; may be a blend. 
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TABLE Ila 


Lines MaskInc 77 1 LINES 


Obs. 2 (1.A.) Element y Designation Multiplet 
60059):04 + cha erie Cu 14476. 23 a3Gi—b3G, 37 
ae : Z FT ee eee Ti 14825 .80 bDD=cD2 w Ullenreeeee 
6202582). eee eee es V 15886. 78 b3F{—c3D} 52 
STOL OA 5.215 or area ieee Ti 19247.49 a3P{—a5P, 116 
SAS AO urteae cai pte Ti 20619. 36 b3P5— 93D} 142 
AGO 5 O:ssevcectoniecieittekencis 1M 21418. 36 as3P6—cDt 162 
AGSEAO2 nna ater L4 22040.10 b3F{—d3F, 168 
ART SLOF ai neietereicu refers Ti 22127.36 asHé—al’ 180 
ASSETS nn.) aetna: Tit 22273.84 asF,—cF} 176 
AMY TON se ese eras Ti 22581 .83 asP,—esDf{ 190 
AZOO ESS ecto See tater Tt 23246. 32 a3D,—i8D} 208 
ABGO% OS tas erste ane ale Ti 23208.44 bG—eF SM Biever 
ALSO RTO. cromseetarae eles Ti 23881.76 b3sP{—f3P, 220 
AOOAI22 inane eae Ti 24598.05 asDsi—dsF% . 234 
AOGOES 7 eave) abicciad cities Ti 24621.97 asDi—dsF{ 234 
ADORALS” Rrancncrne statin Tit 24836.93 a3D,—j3D4 236 
BAU ROAR ee area aries Fe 28765 .00 aG—dG@'s VF seatsc cee 
R376 S00 ns perenne aise Ti 20615 .09 b3F{—f£G/ 321 
A ip Wy ere meena Apna Ti 32063.70 asF;—esD, 360 
BOLT LOR 2 clacaiesrrnce ertalene Fe 33128.96 aD—e3P, 374 
BQSA CST craves arceren evens Fe 33507.15 a3P}—f3P, 377 
BSS Aa rie ark rake eres Ti 35266.13 asFi—dsD{ 393 
REO OE eine he aa teas Tt 35587.50 a3sl'4—dsDj 303 
BISA ERG con ie iety Seren ets Fe 30571. 26 asP{—m3D} 399 


NOTES ON TABLE II 


1. Bureau of Standards, Scientific Papers of the Bureau of Standards, 16, 54 (No. 
372), 1920. 
. Crew, Astrophysical Journal, 60, 108, 1924. 
. Evans, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
. Exner and Haschek, ibid. 
. Hasselberg, ibid. 
. Kiess, unpublished material. 
. Kilby, Astrophysical Journal, 30, 243, 1909. 
. King, Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. Also 
Mt. Wilson Contr., No. 274; Astrophysical Journal, 59, 155, 1924, and unpublished 
material. 
g. Lohse, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
to. Miss Moore, unpublished material. 
tr. Rowland, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
12. Russell, unpublished material. 
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The energy levels and relations of the various terms are shown 
graphically in Figures 1-3. There are far too many terms to show 
on a single Bohr-Grotrian diagram, and so the singlet, triplet, and 
quintet terms are plotted separately. Terms of the same sort, e.g., 
3F or 3F’, are plotted on the same vertical line and distinguished by 
the letters used to designate them in the tables. Those triplet terms 
which combine with higher singlet terms are, however, plotted on 
the singlet diagram (Fig. 1), the intercombinations being indicated 
by dotted lines; and similarly in the other cases. In a few cases, 
where terms lie close together, the plotted points have been slightly 
shifted to avoid confusion. These diagrams illustrate in an expres- 
sive fashion the great complexity of the spectrum. 


4. TEMPERATURE CLASSIFICATION AND ZEEMAN EFFECT 


The relation between the temperature classification of the lines 
and their level of origin is, as usual, very close. It is well known’ that 
the appearance of emission lines in the furnace is limited by its 
temperature—the limit extending steadily toward the ultra-violet 
as this is increased—while absorption lines may be found, even at 
low temperatures, as far as the observations can be made. 

King’s data reproduced in Table II were derived from emission 
spectra. It is therefore immediately comprehensible why the lines 
originating (in absorption) in the lowest level a’F’, which are of 
class I or IA in the visible region, gradually become of class IT in 
the ultra-violet, while the the fainter lines there are of class III, or 
beyond \ 2200 even of class IV. The lines originating in aSF’, which 
lies higher by 0.82 volts, are of class IT in the visible and class III 
ot IV A in the ultra-violet, and, as Grotrian? has found, are much 
more feebly absorbed by the vapor of the metal at 2000°C. 

For the next levels, a'D (0.90 volts) and a3P’ (1.05), much the 
same is the case, while the lines coming from b3F’ (1.44 volts) and 
a'G (1.50) are divided between classes II and III, even in the visible. 
There are very few lines of class II belonging to aSP’ (1.73) or a3G 
(1.87); the higher levels give, at best, lines of class ITI; and the highest 

«King, Mt. Wilson Conir., Nos. 150 and 247; Astrophysical Journal, 48, 13, 1918; 
56, 320, 1922. 

2 Zeitschrift fiir Physik, 25, 342, 1924. 
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from which transitions upward have been detected, such as b3D’ 
(3.16) and b’G’ (3.29), give lines of class IV exclusively. The be- 
havior of the titanium lines in sun-spots closely parallels the temper- 
ature classification. Those frequenting low atomic levels are greatly 
strengthened in the spots (especially the weaker lines). This effect 
diminishes for the lines arising from higher terms, but even those 
from the highest levels are decidedly intensified. 

Extensive measures of the Zeeman effect have been made by 
King™ and by Babcock.? A comparison of the observed patterns 
with those calculated by Landé’s theory is given in Table III, which 
is arranged like the similar table for 77 11. All combinations be- 
tween levels of any given sorts, e.g., 3P, and *D,, are listed together, 
no matter which term happens to be the lower, or whether they are 
primed or unprimed, since in any of these cases they should show 
the same Zeeman pattern. Babcock’s observed data are given to 
three decimal places; King’s, to two. The “blends,” given in the 
last two columns to represent the complex patterns, are derived on 
the assumption that the center of gravity of the unresolved mass is 
one-quarter of the way from the strongest component toward the 
weakest. This rule accords well with the theoretical intensities and 
with the observations for the majority of the lines. For faint lines, 
however, or for those in which the pattern is near the limit of 
resolution, the observed blend is likely to be nearer to the stronger 
component than the rule would indicate. Such cases are often ob- 
served. 


t Carnegie Institution of Washington Publications, No. 153, 1912. 
2 Unpublished material. 
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TABLE III 


OBSERVED AND CoMPUTED ZEEMAN EFFECTS IN Ti I 


OBSERVED THEORY* BLEND 
TERMS a 
p n ? n p n 
! 5206 ° I.06 ° I.00 
ae ee fe) 1.00 
tP—1D........ 3786 ° 0.98 ° I.00 
6743 fo) I.02 fe) I.00 
4 Dd Die aera is 4840 ° T.004 
4237 ° 0.98 
6509 ° I.00 fe) I.00 
cp tiia ete eden le ae 
4975 ° 1.054 
3904 | © 0.97 
1F—1F’,...... 5351 ° 1.026 ° I.00 
ote as ° O:99% || 30 ae 
4820 ° 1.016 
5644 ° I.O21 ° I.00 
4836 ° 0.96 
1G—"*Gen tee 14424 ° 205 
4186 fe) 0.99 
3724 ° Toy, 
6091 ° 1.067 ° I.00 
5503 ° 1.031 
1G—"H........ 4427 a eee. 
, 14393 fe) 1.03 
4369 ° 0.98 
3926 ° 0.98 
1H—OH’....... [4938 re) 1.061 re) I.00 
4278 ° I.02 
Jeletd Rene soe 5120 ° 1.024 ° I.00 
sF,—"D,......-. 4562 ° 125 0.00 0.92 ° eRe], 
Bore la Gets cA 
any Ten, 
1.25 
3F,—"G,....... 4112 0.86 I.0QW2 225 0.25 0.81 I.12W 
SOM eta ae 
0.75 I.00 
I.00 1.25 
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TABLE I11—Continued 


OBSERVED THEORY* BLEND 
TERMS r 
Dd n ? n p n 
3G,;—'F....... 4440 0.52 0.84wWi | 0.25 0.25 0.62 0.87Ww 
SSO) .50 
-75 0.75 
I.00 
1225 
ane) 
65 . 561 -920 .20 Ga20 0.65 ©.90 
ot i 
4 2 4778 0.491 0.943 nitew (in fen eres 
.60 0.80 
80 I.00 
“1.60 
_awy 5999 W2 I.4607W1 .00 ©.20 ow I.40W 
*Hy—*H5....-. poe We I.47W1 DO el cee es 
BOeoe ore 1.60 
80 1.80 
At) Lae 6064 ° 1.954 fore) 2.00 
3S; —3P x... es 6085 o.501 | 1.496 50 1.50 
1.985 2.00 
6126 fe) 0.998 .00 I.00 ow I.25w 
38;—3P2....... 0.407 I.490 0.50 I.50 
3725 Wi Lakh (ole) 
= 4005 ° I.47 ° I.50 
1 ad 2 je s 1.47 
3P,—3Pf....... 4064 ° 1.47 ° I.50 
5903T | o 1.491 ° 1.50 
5880t | o 1.425 
BO Bs 14323 ° L.52 
4082 fo) 1.47 
4060 ° I.47 
5918 ° 1.489 ° I.50 
Woes ae 45429 ° I.542 
(4078 ° 1.46 
5922 ° 0.492 0.00 0.50 
= 5069 fo) 56 
3P)>—3Dx.... 5. £796 . $2W: 
4710 fe) 0.506 
5941 0.990 | 0.489 I.00 0.50 
RS Sey 1.50 
4797 1.03 0.58 
3P,;—3D, Mea ecetece 4 1.58 
4722 I.07 0.62 
1.53 
4405 0.99 We 
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TABLE IlI]—Continued 


OBSERVED THEORY* BLEND 
TERMS oN 
p n ? n p n 
58090 ° Det27 0.00 0.83 ow I.OOW 
ull 5062 Wr 0.99 a3 at ef 
*Pi—8Da.... 4792 W3 0.918 We I.50 
4698 W2 I.O02W2 
= 5937 0.39 1.46Wa2 33 0.83 0.59W] 1.33W 
*Pa—$Dz...---. wee 0.62 . 24We 67 I.17 
1.50 
1.83 
5866 fo) I. 109W2 (eke) I.00 ow I.I7W 
5295 Wr I.23Wr 17 1g 7 / 
se 5052 Wr 1.08 33 ray 
$P3—3D)y sn ce 4805 a roe 1.50 
40691 Wr 1.23 1.67 
4422 r.18 
3P,—3F,.,..... 202zi | —? 0.00 0.83 |—0.17 0.93f |—0. 27 
0.78 1.67 0.67 1.87 0.67 
1.68 I.50 1.60 
2.64 2.33 2.53 
3P,—3F;....... 30471 | We ©.39W2 | 0.00 0.25 0.00of | 0.05 
.42 0.67 0.52 0.56 
83 1.08 I.04 1.08 
I.50 1.60 
1.92 2u2 
4880 ° 51 fore) 0.50 
3D,—3D{...... 4696 ° 54 
4311 Wz 0.49 
3D,—3D}...... 4864 ° I.14 fore) 07 
4848 ° 35 (ole) 333 
3D,;—3D}... ... fae ° Lipset! 
4035 | 0 1.33 
6318 ° 0.734 00 0.50 ° 0.75 
5514 | © 73 17 -67 
SD y—*F or cs. os 5087 * 78 83 
4928 ° .732 
4171 ° 74 
3948 ° 73 
3D,—3F,....... 4997 ase ©.50 17 °.87w 92w 
get ee. 1.16 00 1.00 0.67 0.68§ |—0.02 
75 1.17 1.37 0.67 
1.46 1.67 1.35 
2.10 2.03 
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TABLE Ill—Continued 


OBSERVED THEORY* BLEND 
TERMS 
? n p n p n 
6336 ° 0.936 0.00 0.92 ° I.0OW 
5514 ° 0.94 .08 I.00 
5113 ° I.O1 see at oo tee 
5039 fc) 0.993 1.25 
3D,—3F3....... 4919 988 0.00§ | 0.55 
4733 fe) 975 eT 0.81 
4159 fo) 93 A) eel (eareeceeS 
3956T | o 0.90 T.62 
5009 0.68 ? .25 0.58 0.62w] 1I.2IW 
*D3—5F3....--. be 0.65 1.16W2 tothe W eeraet ate oR 
75 1.08 
1.33 
1.83 
6366 ° I.016 00 I.00 ° I.12wW 
5648 ° I.160 08 1.08 
5512 ° Tens iy Leer ks 
|524s ) T.14 25 1.50 
3D,—3F,....... 5064 ° I.I19 
4921 ° 1.088 
4731 ° 1.004 
4150 fe) I.09 
3958 ° r,i2 
6546 ° 0.673 .00 0.67 
5488 ° .676 
5173 ° .667 
3F,—3F 4.0.2... 4518 ° .66 
4453 ° 649 
3981fF | 0 73 
3729 ° 0.63 
6508 W3 I.QIw; .00 5 ow I.50W 
5219 Wa I.20 -42 0.67 
1.48 83 I.08 
1.83 I.50 
| PC 7 45147 | Ws 1.86Wa 1.92 
4474 W3 1. 50Wx 
4008 Wa I.32Wa2 
39627 | Wa 1.80Ww2 
3753 W2 1.63 
6554 ° 1.046 0.00 1.08 
5481 ° Teen 
192 ° 1.080 
3F,—3F4 Sidiate Su « Ae ° x. 106 
3989 ° 1.06 
3741 ° 1.09 
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TABLE IlI1—Continued 


OBSERVED THEORY* BLEND 
TERMS r a 
P n p n p n 
6407 ° 1.76 0.00 Or75 ow I.50W 
5252 Wa I.52W2 sy, 0.92 
5152 Wx I.55Wz e399" Acer 
4482 W2 I.52W: .50 1.58 
3F,;—3F4....... 4430 Wa 1.46W:z 1.75 
4024 Wr I.40Wx 
3964 Wr I.4OWr 
3771 Wr I.54 
37227 | Wr 0.64 
6556 ° F232 .00 T25 
5477 ° 1.270 
5210 ° I.250 
3F—3F4....... 4559 ° 1.32 
4457 fe) 1.242 
3908T | o 1.06 
3752 ° D2 
6261 fo) 0.833 .00 0.58 fo) 0.83 
6221 ° .801 .08 .67 
539° ° Piss +17 oe 
= 5207 ° ‘ : 
Sieh neo pee oe ne 
4656 ° 83 
4433 ° . 830 
4282 ° .82 
= 6303 0.86 . 87. : .08 0.83w| O.9IW 
ee Oe ee E aL Mece me 3 9 
1.00 0.75 
1.08 
I.42 
1.75 
6258 ° .987 0.00 0.95 ° I.00 
6220 ° 0.987 .03 0.98 
5397 ° I.O10 COTE Nc tetrerette 
1F,—3G 5283 ° I.000 .10 Dee 
: an 5036 ° I.004 5 AS 
4667 ° 0.98 
4426 ° I.004 
4274 | 0 0.97 
6312 0.658 1 3 .20 °. 0.65w}] 1.15w 
3F,—3G,....... (er 0.66 I.12W2 ike) Wee oe : : ad 
4404|| | o I.00 60 1.05 
0.80 1.25 
1.85 
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TABLE UI—Continued 
OBSERVED THEORY* BLEND 
TERMS A 
p n p n p n 
6258 ° 1.098 0.00 I.00 ° I.10 
6215 ° I.057 .05 I.05 
5474 fo) I.o61 5 Ca dl Rea ae 
5409 ° I.107 15 7.35 
3F,—3G;...... 5265 ° 1.067 20 I.40 
5035 ° I. IOI 
4681 ° Toes 
4417 ° 1.087 
4263 ° Ete 
anya, 6146 ° 0.750 fete) 0.75 
‘alata ata bee 0.175 | 0.760 
31G,—3G 4463] | Wa I.57W:z .00 CEES ow I.50W 
: “spite 4441 W2 I. 28wz AE oe bartoeaes O 
.60 1.65 
.90 1.95 
307 6121 ° I.02 .00 S75 5et. 
Toh eee i seen Se 
yan 44639] | ws 1.57 00 0.60 ow I.50W 
*Gy—8G5. bee Wa 1.45 Wr Tey | eee 
Beets erate 1.65 
.60 1.80 
= 6092 ° 1.185 oo | 1.20. 
3G,—3GE. os ek EAB 
5978 ° 0.874 00 0.65 ° 0.87 
AD 4913 ° 0.879 One tienes 
°G;—SHy...... 4321 ° TsO26 ere cos .9o 
4122 ° 0.04 15 95 
3G,—3Hy...... 4925 0.92 ? Sl bye SO 0.75w| 0.92W 
-50 0.80 
0.75 I.05 
E200" Wekcca ea 
5065 ° I .000 0.00 0.97 ° I.00 
a 48909 ° I.007 02 0.98 
5G,—SHs...... 4325 ° TOO2 [an orotes I.00 
4123 ° 0.95 Of ie Vokes, cots 
I.10 
3G;—3H;...... 4915 ©.59 I.05W2 Of al bern ee 0.67w}] 1.12w 
OOS 1.03 
.67 I.20 
LOBC eta ee eer 


437 


58 HENRY NORRIS RUSSELL 


TABLE Il]—Continued 


OBSERVED THEORY* BLEND 
TERMS aN 
p n p n p n 
5953 ° 1.088 0.00 1.00 0.00 r.08 
4885 ° 1.0098 -03 1.03 
gC Sed bc 4318 ° T5084. .| cee. cemmnie 
4127 ° 1.05 17 I. 33 
= 5740 ° 0.805 .00 0.80 
HH ...... ie $ ey 
rey: 5739 ° 1.034 rele) T.03 
ae ae % ns 
2H.—3Hf........ 4769 W2 I.57W2 00 0.50 | ow I.50W 
5 
S13 errors 
aroun TO 
67 1.83 
_ ay 5715 ° ky, fore) at] 
Ws es oe lie sk 
3H,—3I5....... 4868 ° 0.821 00 °.70 ° ©.90 
03 +73 
ee ue a 
13 :97 
3H,—3lg....... 4870 ° I.010 .00 .976 | Oo I.00 
o10 | 0.986 
mee ec 
048 1.072 
SH6—3L... ss: 4856 fo) 1.078 00 I.00 fe) I.07 
02 I.02 
I4 1.29 
3P,—sD; 4675 ° I.42 0.00 Tako 
3F,—58........ 3982T | 2.19 0.57 1.33 |—0.67 0.17**|—0. 50 
1.83 2.66 0.67 2. ei 0.67 
3.03 2.00 1.83 
3.33 3.00 
et 4009f | ? 0.33 0.00 |—0.75 0.00**|—0. 42 
0.92 0.17 0.75 0.33 
1.83 1.08 I.50 1.08 
2.00 1.83 
2.92 2.58 
** 9 =1 83 
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PATE GE 
THEORY* BLEND 
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0.25 0.50 o.81w] I 
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0.75 1.25 
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TABLE IlI—Continued 


OBSERVED THEORY* BLEND 
TERMS r 
p n p n p n 
5S,—5P3 «2.200 4290] | Wa 1.43 0.00 I.00 
- 33 1.33 
.67 TOF; 
2.00 
2.33 
5Pr— SP hie oes. 4479 ° 2.53 .00 2.50 
4489 0.00 I.150 -00 Tor] 
“ea 1S ae .653 1.82 .67 183 
2.61 2.50 
4471 .00 I.151 
0.654 1.825 
2.54 
5P,—5P4....... 4480 ° 1.87 .00 Taos 
pee e hr be ae bee ° I.50 .00 1.33 ow I.50W 
4465 Wx 1.48wi a7) Ts50 
oli yen ceotinccie 
2.00 
Al 9 ri ae 4481 ° 1.665 ° 1.67 
5P,—S5Dy....... 4645 ° 2.50 ° 2.50 
5P:—SDy....... 4639] | 1-02 1.52 1.00 I.50 
2.46 2.50 
5P,—5D3....... 4629 0.00 0.50 0.00 0.50 
1.03 54 I.0o I.50 
2.50 2.50 
SP,—SDy....... 4650 Wa 2.08wzx | 0.00 I.50 Ww 2.00W 
33 1.83 
2.16 
SP,—5Dy....... 4639] | 0-94 1. 69W3 -33 1.17 o.sgw| 1.67w 
.67 1.50 
1.83 
2.16 
5P,—5D;....... 4623 W3 I.0QW2 .00 0.83 w I.I17W 
a33 Tal 
307) literate 
ZerO 
$5P,—5D3......5 46309 | ? I.56 ney Tey 0.42w| 1.58w 
Oe A Reed to5- 
0.50 1.50 
1.67 
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SD;—5D}. .355. 4261T 
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OBSERVED THEORY* BLEND 
p n p n ? n 
Wa I.16W: | 0.00 I.00 Ww I.25 W 
° Eat vE7 Ee TY, 
Ae Fl Oe 
0.50 2.00 
Wr I.ogw: | oO I.50 
° I.34Wi | Oo I.50 
° ° 0.00 ©.00 
° ° 
1.65 0.00 I.50 0.00 
LUM) Lage 
1.48 0.00 
1.47 
W2 0.68w; | 0.00 0.50 Ww 0.75W 
0.00 .48 .50 I.00 
.48 -97 I.50 
0.00 ©.00 .00 ©.00 
Te5O 1.48 Te5C I.50 
3.00 3.00 
0.94 1.26w; | 0.50 0.50 o.87w] 1.25w 
stliy 0.48 I.00 I.00 
0.96 I.02 I.50 
1.48 2.00 
1.96 
Wa 0.98Wa 0.00 0.75 0.OW I.00W 
We 0. 88wr 125 I.00 
SHOU ‘Wie wnseewrere 
Leif 5 
0.68 1.49 225 0.75 0.62w|] 1.37W 
0.55 I.34W2 250) ipo on 
-75 Ts 
1.50 
“2.00 
Wr I.08wx 00 0.90 ow I.12W 
Wr I.182Wi I5 E05 
aes an 
W3 I. 22W2 00 On7s ow 1.88? 
QE Ce carn crete 
eae 2.00 
0.75 2225 
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TABLE I1—Continued 


OBSERVED THEORY* BLEND 


TERMS nN 


SDy—5Ey.. +. +++ 14287 0.49 Tied Oa llseesitvene ne! | crores 
45 1.35 
60 I.50 
1.95 
ne 5662 Wr I.30Wz .00 1.00 ow I.20W 
‘Dy—SFs....-- pee W2 I. 21Wr .10 I.10 
aaa pv ee 
SF... pelts 25000" che Rec 
5238T | wr .85w: | 0.00 0.00 
4544 0.00 0.00 I.00 I.00 
SF, —SF4....... I.00 I.00 2.00 
1.98 
4527 0.00 0.00 
1.002 | 0.992 
2.000 
a f5223T | o 1.007 0.00 I.00 
SF,—S5F4....... 4535 ‘5 0.982 
52471 | Wa I.72W2 .00 0.75 ow I. 50W 
sF,—sF! 520rf Wr 0. 86Ww: I ce Pain ec 
‘ Sy 4548 W2 1.66Ww: .50 I.50 
4522 W2 I.51Wr 1.75 
SF. —sF/ poe ° 1.265 .00 1.25 
3 SC eickies 4535 * rey 
5255 Wr I.44Wz 00 1.05 ow I.50W 
SF,;—5F4....... 4552 Wr St LOT eee 
4518 Wr TSO teat Tens 
30 1.65 
SF, —sF/ oe ° 1.375 .00 1.35 
4 4 “eee eee 4534 fo) I 326 
5263 ° I.55Wr 00 I.20 ° I.50 
SF,—SFE....... [ss Fo) 1.50 O5/mil|-toeeerees 
4512 ° astern |leregcicoce Tess 
20 1.60 
phe ee yore ° 1.425 oo | 1.40 
"| (4533 | © 1.376 
es. f5014J] | 0.00 53 .00 0.00 ow ©. 50W 
4978 Wx 0.59Wr | 0.33 -33 
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TABLE Il]—Continued 


OBSERVED THEOoRY* BLEND 
TERMS r 
p n p n p n 
SF,—5G,....... 5024 0.65 0.341 0.67 |—0.33 
1.348 I.050 5 ae 0.33 
Te 7A I.00 
1.67 
sF,—5G 5007 0.00 0.838 0.00 0.75 fe) 0.83 
; ita a 4989 More) 0.836 08 0.83 
Rr ee ah ce 
1.08 
5F3—5G3....... 5022 ©.9OW:| I.13W; 233 O;25 0.83w]| 1.08w 
O07" || iemoretee 
I.00 0.92 
125 
= 5001 Wr 0.99 0.00 0.85 ° I.O1W 
miGe sl... ee se aie. 
30 | 1.45 
5F,—5G,....... 5020 0. VII I. 202W; .20 0.55 0.65w] 1.25w 
coe ae 
80 mess 
T.95 
5013 ° 1.072 .00 0.93 ° I.10W 
SF,—5Ge....... 4991 ° sh stRsgt 08 1.02 
4026f | o ONO Sat [ett ie cee eee 
33 I.60 
SF ,—5G;s....... 5016 0.559 | 1.308 eo 0.73 0.53 Toes 
6g) xxay 
67 I.40 
1.93 
5025 ° Dears .00 I.00 ° ey | 
SF.—5Ge6...... 40981 ° 1.196 .07 O7 
4030; | wr OL Oe Wel erie oes once 
33 1.67 
5G,—5Gj...... 3868 Wr I.40 .00 0.45 ow I.50W 
Bee ees ofc 
BAB oonsu 1.62 
0.70 1.85 
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TABLE I1—Continued 
OBSERVED Turory* BLEND 
TERMS r 
’ n ? n ? n 
5G,—5Gi...... 3875 ° Eso 0.00 0.80 ow I.50W 
T2) i) masa he 
Pere aie 1.62 
47 1.73 
SG;—5G§...... 3882] | o T32 00 1.00 ° I.50W 
S070 cats oes 
snd: ter Sy phersis 1.60 
oe 1.67 
5766 ° 0.917 00 0.85 ° 0.87 
5G,—5H, & Ties ss one Wr I.I0 02 .87 
05 +95 
5774 ° 1.028 00 .90 ° I.00 
‘G,—SHs...... me Wr 1.14 05 0.95 
ace eee 
sG,;—5H;...... 38829 | wa 1.62Wr 17 0.43 0.67w|] I.19W 
athe sain Gigs 
83 I.27 
1.93 
sG.—sH 5785 fe) 1.097 00 0.95 fo) 1.08 
5 ade 3866 ° 1.16 os I.O1 
5Gs—5Hg...... 3895 Wr Tes 12 0.62 0.56w| 1.28w 
any Snes 
71 1233 
1.93 
= 5804 ° Tens 00 I.00 fo) Ted) 
GME - = ee fo) seat, 05 TO 
Se ioe 


* The theoretical patterns given in the fifth and sixth columns and the computed blends in the last 
two columns apply equally to all of the lines having the same multiplet designation as indicated in the first 


column. 
T g value abnormal. 


\| Blend. 


{, Measures disturbed by components of neighboring line. 


*¥ g=1.83. 
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A similar comparison has been made by Dr. and Mrs. Kiess for 
many of the lines identified by them. 

For the great majority of the more than 300 lines included in 
Table III, the Zeeman effect appears to be in full agreement with 
Landé’s theory. For a few lines marked with a dagger (+) in the 
table the patterns appear to be abnormal. If these are set aside for 
the moment and means are taken for the separations of the stronger 
lines, the 28 singlet lines give a mean separation of 1.007 and an 
average deviation, without regard to sign, of +0.029 from the theo- 
retical value 1.00; further, 9 lines belonging to *PP’ groups give a 


TABLE IV 
MEAN ZEEMAN SEPARATIONS—TRIPLET SYSTEM 


SL DE vee atercelt PD DD’ DF 

NOo nec cied's © @ @W] @® @W GB] om dM © 
ODS, eieeriers + Telos eee OLME O52 |e. G4p oLetd FOest |i tert 0.00) “oOl7a 
COMP Serer cies ses fe 07 ae COMSTOSSOMETESS 0 tT =NTOLSO. Te t20 —t.OON 10n75 
PLU Dette lereettusrs FF’ FG GG’ 

ONOiied nies 2 (6) (4) (4) | (9) (8) (8) | (2) (2) (2) 
ODSi Ns a. hictecs sxe 1225 £.082-0-00 |)2.00, 0.00 0:82 |/1/20 “1.04 0.75 
(Gone « Songer Te2seel OS sO.07,1-L-2O" (|T.OO O25: 1.205 Tf .05) 8 10.75 
5] B40; or eee GH HH’ HI 

No. «1.2.0.5 @ @ G@| @ @% @)] @®@ @® @® 
ODS eeerarenterehys T-OomLOLOOMNO. O23 eieikor 8 1.07 810.020) 2.06 9 21OL 610.52 
(OMPsorae cr -iere POS we TOOMNO1 G7. | iat 7 sos 9 0.60) 1|T.07, © 1.00 910.90 


mean separation of 1.485 instead of 1.500. For the leading com- 
ponents of the principal multiplets of the triplet system, observation 
and theory compare as indicated in Table IV. The components are 
arranged in order of decreasing inner-quantum number in each 
multiplet. For the skew-symmetrical groups the separations should 
be equal to Landé’s g’s, and they are so with remarkable accuracy. 
For the other multiplets the agreement with the values calculated 
from the table for blending, given above, suffices to show that, on 
the average, this rule gives a very good approximation to the facts. 
All the g’s for the triplet system as far as the H terms, and many 
of those for the quintets, could be determined from these data alone. 

A few terms exhibit abnormal g values. The most notable are 
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a3P,, for which g appears to be about 1.60 instead of 1.50; b’D., 
1.35 instead of 1.17; and a5S,, 1.89 instead of 2.00. These terms have 
the same inner-quantum number and very nearly the same energy 
level, and it appears probable that they perturb one another in 
some way, as in the case studied in calcium by Back." The first and 
last of these terms give abnormally strong combinations with a5F. 
There is some evidence that some of the components of b3F, which 
also lies at very nearly the same level, are also affected. A detailed 
study of these peculiarities would not be difficult, as the Zeeman 
patterns are very open, and might be of considerable theoretical 
interest. 

Some of the high-lying quintet lines, such as b’D and a5G, appear 
also to have abnormal g’s, and for these, too, the intensities in the 
multiplets are abnormal. 


5. THEORETICAL INTERPRETATION OF THE OBSERVED 
TERMS: THE QUINTET SYSTEM 


The terms which are to be expected in the spectrum of 77 I, ac- 
cording to Hund’s theory,” are listed in Table V, together with the 
observed terms which are believed to represent them. They are 
grouped in accordance with the electronic configurations which pro- 
duce them and the terms in 77 11 to which they go as limits. These 
all belong to the low even set, and their assignment to the various 
configurations appears to be free from uncertainty. The first column 
gives the configuration; the second, the limit when the last-men- 
tioned electron is removed; the third, the terms which are theo- 
retically to be expected, and the fourth, those observed terms which 
have been identified with them. One term, which is predicted but 
not observed in 77 11, is put in brackets. 

For a number of the higher configurations, only the terms which 
arise from the lowest terms of 77 1 are listed, since none of the 
numerous terms corresponding to other limits have been identified. 
For the last entry the limit is taken to be the term in 77 11 obtained 
by removing the two 4p electrons. 

The reasons for assigning the various observed terms to the given 
configurations may now be given. 

t Zeitschrift fiir Physik, 33, 579, 1925. 2 Linienspektren, pp. 184 ff. 
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Configuration 


(3d)? (4s)... 


(3d) (4s)? 4p. 
(3d)? 4s 4p... 


(34)? 4s sp... 
(3d)3 4p..... 


(3d)? 4s°5s... 


(3d)? 4s°6s... 
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TABLE V 


PART II 


PREDICTED AND OBSERVED TERMS IN 77 IT 


Limit Ti o 


as’) 
a2’ f 
em 
b?P’ 
aS 
a2D 
b?G 


biF’ 
a4p’ 
a?P’ 


Predicted Terms 


SF’; 3k’ 
sp’; 3p’ 
3P’; 1p’ 
3D;'D 
3F’; If’ 
3G;'G 
3H’; 1H’ 
3D;*D 


sD; 3P’ 3’ 

3p’ 3—D 3F’ 3G 3H’ 
t$ =D *G 

1$'D tf’ 1G 7 


3P, 3D/ 3F; *P, *D’, 'F 


SD’ SF SG’; 3D’ 3F 3G’ 
s§/ sP sD’; 38! 3P 3D’ 
3P ay 
3S/ 3p 3D’; 1S/ 1p 1])’ 

3P 8D’ 3F; *P *D/1F 
3D! 3F 3G’; *D/ tF :G’ 
3F 3G’ 3H; *F :G/ *H 


SD’ SF 5G’; etc. 


sD! SF sG’; 3D! 3F 3G’ 
s$/ SP sD’; 3S’ sP sD’ 
38/ 3P 3D’; 18’ *P xD’ 
3P 3D! 3F; *P «D/1F 
3D’ 3F 3G’; 1D! tF 1G’ 
3F 3G! 3H; °F :G’ 8 
3G! 3H 31’; :G’ ‘HoT’ 
3P 3D’ 3F; tP «D/1F 


SF’; 3F’ 
5P’; 3p’ 
38; 7S 

3p’; 1p/ 
sD. =D 
3F’; If’ 
3G;'G 


SF’; 3F’ 
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Observed Terms 
ask’ 


a3P’ 


as 
a'D 
aiG 


aSF’; b3F’ 


gP &D BF; — — — 


asD’ aSF, a8G’; b3D’ b3F c3G’ 
asS’ aSP bsD’; b3S’ c3P f3D’ 
—; eP? 

a3S’ a3P 3D’; — b'P ctD’ 
b3P e3D’ d3F; atP, bt'D’ ctF 
a3D/ a3F a3G’; atD’ atF a'G’ 
e@F d3G’ a3H; et F c'G’ cH 


. 
ep’ ——; 


cSD’ bsF bsG’; d3D’ c3F b3G’ 
bsS’ bsP dsD’; 3S’ d3P h3D’ 
d3S’ £3P 18D’; atS’ d'P dD’ 
e3P 73D’ fF; ctP etD’ d'F 
g3D’ h3F, —; — ftF? ftG’? 
g3F &G’ b3H; btF b'G’ atH 
BG c3H a3’; eG’ b'H atl’ 


? 


bsF’; c3F” 
—; dP’ 


ee cD 
d3F’; btF’ 
—;d'G 


eSF’; £3F’ 
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TABLE V—Continued 


Configuration | Limit Ti 1 Predicted Terms Observed Terms 
d)? 4s-4d.. sP’ sD sk’ sG sH’ fbsP’ bsD ds’ asG asH’ 
ae ask” (iP 3D 3F’ 3G 3H’ \— — &F’ 3G — 
an f3P’ 3D 3F’ 3G 3H’ fJ—— F’ — bsH’ 
FY lp’ «1G «HY \— — FF G bH’ 
(3d)? 4s-5d.. ask’ SP’ s— SF’ sG sH’ — eD hsF’ dsG cSH’ 
(3d)3, 53) sree bs’ SF’; 3’ csF’; d3F’ 
b?D 3D;?D el DA 
a2b” 3p’; tp’ —; btP’ 
(3d)3 6s..... bs’ SF’; 3h” fsF’; — 
(3d)3 4d..... bs” SP’ s—D SF’ sG sH’ — cD — bsG bsH’ 
(34)? (4p)?...|  a3F’ | SD SF’8G;3D3F’3G; | dsD gsF’ sG; — — — 


(Ti ut) | *D'F’'G ——— 


The quintet system.—As is usual in complex spectra, the system 
of highest multiplicity has the simplest structure. Only two low 
even terms are to be anticipated (arising from (3d)34s), and these 
must evidently be aSF’ and aSP’. Among the odd terms, at a middle 
level, four triads are to be anticipated, two of D’FG’ terms, com- 
bining strongly with aSF’, and the other two, of S’PD’ terms, com- 
bining strongly with aSP’, and exactly these terms are observed. 
For the triads of origin (3d)34p the electron jump for the low term 
is from s to p, and the multiplets of highest Z value should be the 
strongest. This is the case for the higher of each pair of triads, as is 
illustrated in Table VI and also by the fact that the multiplet asF’ — 
b8G’ includes the rates ultimes of Ti 1 in the visible region. The 
other two triads must then arise from (3d)?4s-4p, and for these the 
multiplets of lowest ZL value should be the strongest. This is clearly 
so for aSP’—a’S’, which is recorded as equally strong photographi- 
cally with a’P’—bD’, though the former lies far in the infra-red. 
For the other triad, aSF’—a’D’ is very strong; the combination with 
a‘F is at the limit of observation and with a5G’ beyond it. This 
disposes of all the even terms except e5D’, which may be attributed 
to (3d)*4s- 5p, with limit a4F’. This conclusion is confirmed by series 
relations (sec. 8). The other terms of the triad, which should give 
weaker multiplets, have not been found. 
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The high even terms fall into two sharply separated groups, the 
larger composed of terms which combine with the lowest odd triad 
aSD’, a5F, aSG’ and but weakly with anything else; the smaller, of 
terms which combine most strongly with the triad cSD’, b5F, bsG’ 
and weakly with the lower triad. It is evident that these groups of 
terms must be derived from the same limits as these triads, namely, 
_ a4F’ and b‘F’. From the first limit we have the configurations 
(3d)?4s-ms, giving an isolated 5F’ term, and (3d)?4s-md, giving a 
pentad, SP’, 5D, SF’, 5G, SH’. The term b’F’ meets the condition for 
the first, giving the strongest combination with a5G@’, as it should. 

The first pentad, of terms lying almost at the same level, is also 
immediately recognizable. The terms belonging to it alternate in 
level in the characteristic manner observed in other spectra. Four 
of the five terms belonging to it give multiplets consisting of de- 
cidedly fuzzy lines, denoted by “n” in Table VI. 

The higher isolated term e5F’, which behaves like b’F’ but gives 
much fainter combinations, is apparently in series with it, and four 
out of the five members of the pentad, which is in series with the 
one already found, can easily be identified, giving, as they do, the 
most diffuse lines in the whole spectrum. In this pentad also the 
energy levels alternate, and the differences in level are about half 
those in the lower one. 

Among the terms of the second group, which evidently arise from 
the configurations (3d)3ms and (3d)md, the term cSF’, although 
originally identified by means of its combinations with the lower 
triad, is shown to belong here by the strength of its combination 
with b’G’ in the deep red. 

For the term next in series with it, fF’, only the leading compo- 
nent has been identified, but the agreement with a series formula 
(sec. 8) makes its reality probable. Three of the five members of the 
pentad of origin (3d)4d have also been recognized. 

This leaves three high even terms unclassified, e5D, g5F’, c5G. 
They lie nearly at the same level, give strong multiplets, and are 
evidently related to one another. All the configurations containing 
an excited s or d electron which are at all likely to give strong lines 
have already been accounted for, but the configuration (3d)*(4p)? 
should produce terms of exactly the observed types. Similar terms 
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arising from the configurations involving two p electrons have been 
identified in Ca £ and Sc 1. It is of much interest to note that the 
relative intensities of the different multiplets resulting from the 


TABLE VI 


Ti 1, INTENSITIES OF STRONGEST LINES, QuINTET SySTEM* 


(3d)48+4p (3d)4p 


(3d)74s*5p 


asS’ aSP bSD’lasSD’ asF asG/|bSS’ bsP dsD’/cSD’ bsF bSG’| esD’ 


(3d)34s ....] aSP’| (2) (2) (2) |] 7 $5. 30% 40::| (3) 

asf’ 3. 1G) Gh) 2 4|60 80 60] 2 
Crab eel CON le eon eints a ee 3 4n 5 ws Pee aici eS i a (3) 
(4d) 46S eg GSE | nals eecteotass ated | ee scene nes | ane ae tere eae (x) (2) 
(Eveb SV Us Rereemy ik os! Dial Ree mira are eed Merete ins alleen namin crac () ‘@) 

BSG fs ces esaesc essen | clearance secre area | Ese ate nee ee dene (z) () 

DSEM Paes 5 ae aetna eee oe | cee ae ee sn 
(ad)t4sers | DSB Sloe ern T2y, (F525 LO isnot Cee oe id 
(30)245+66:2 | -eSE OS oo sean c ance oe ty 
(30)44s*400| bie les. seaman ron 

jor BG Ba ea ear aes caer 8n ton 

old al (ee ee tt oe ys 2 

red a Mee ee eee oe 25n 15n 

cd w Did (eit Ae 9 r2n 30n 
(Exod ert torts Ne Lae bee ne A cle in 2N 

DoE |e ee 2n In 3n 

AS Gil Sirecs cretetors legis 2N 6N 

CHS neta cee (x) 12N 
(40)3(4p)25_ | CSD eae eee 6 10 

BOE Reaeie as areas 8n in 2on 

COG ces eels IO 12 


* The table gives the intensity of the strongest unblended line in each multiplet; 7 denotes that the 
corresponding multiplet is in the infra red. 


combinations of the terms arising from configurations such as 
(3d)*4s-4p and (3d)*4s-ms, (3d)?+4s-mp and (3d)?-4p-md, are 
remarkably similar to those of the individual lines resulting from 
* Russell and Lang, Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 13, 1927. 
? Russell and Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 
558), 1927. 
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the combination of a P term with S, P’, or D terms in a system of 
high multiplicity—the L values for the various terms of the triads 
or pentads taking the place of the 7 value for the components of the 
individual terms. The multiplet involving the greatest values of L 
is always the strongest, and even the finer details, such as the weak- 
ness of the middle line in a PP’ multiplet, and of the outer members 
of the middle set of three in a PD group, are faithfully reproduced. 
This relation, it is believed, was first noticed by the writer in Sc 11. 
It is probably of general validity. 

The quintet system is now satisfactorily interpreted. All the 
observed terms have been accounted for, and all the electronic con- 
figurations that might be expected to give lines of any strength have 
been identified, e.g., those terms, at least, which should theoretically 
be most prominent, except for (3d)4. The reason why this has not 
been found will be discussed in section 9. 


6. THEORETICAL INTERPRETATION OF THE OBSERVED 
TERMS: THE SINGLET SYSTEM 


The singlet system is next in order of complexity. The low terms 
to be expected are S, D, G from the configuration (3d)?(4s)?, and 
P’, D, F’, G, H’, D from (3d)34s. The terms of the former group 
may be expected to be the lower, since the second of a pair of equiva- 
lent s electrons is usually more tightly bound than the first. The 
first group may therefore be assigned as a'S, a™D, a’G, leaving a‘P’, 
b'D, a‘F’, b'G, a‘H’ for the other, and accounting for all the theo- 
retical even terms except one *D term. This corresponds to a limit- 
ing term in 77 1 which has not been observed, and which must give 
faint lines and be statistically improbable, so that the absence of the 
related term in 77 1 is not surprising. 

Confirming evidence in favor of this assignment is found in the 
relative levels of these terms and of the limits in 77 m1. Subtracting 
the term values in 77 1 from those in 77 1, we obtain a set of num- 
bers which (since both sets of term values are measured upward from 
the lowest level) show how much greater or less is the energy in- 
volved in passing from a given term to its limit than from the lowest 
level in 77 1 to that in 77m. The resulting values for the first group 
are a’S+6172, a'D+1489, a'G+3139, and for the second, a*P’— 
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10087, b*D — 7451, a'F’ — 8927, b'G—9169, a'H’— 8021. The binding 
of the second 4s electron therefore involves more energy than that 
of the first by about 11,000 frequency units, or 1.35 volts. 

Passing to the odd terms at middle levels, we must seek for triads 
related to the various limiting terms of 77 11. Some are easy to 
identify; for example, the three lowest odd terms, a*D’, a‘F, a'G’, 
which combine with a number of high even terms, clearly come from 
the lowest limit in 77 m1, a?F’. 

The next lowest limit, a7D, should give a triad combining with 
a'D, to produce some of the strongest lines in the spectrum; a’P, 
b'D’, b'F (or perhaps c'F) satisfy this condition. The middle term 
of the triad is more than 5000 frequency units below the other two, 
but similar differences are known in other spectra. From the limit 
b?D should come a triad combining strongly with btD. The terms 
d'F and e'D’ must belong to this (as the intensities given in Table 
VII show), and the most probable third member is c’P (although 
d'P might pass). To the limit a?P’ corresponds a triad combining 
with a'P’. The unappropriated terms a‘S’, d'P, and d'D’ give the 
strongest combinations with this low term and may be placed here. 

There should be a second S’PD’ triad, with limit b?P’, which, 
coming from (3d)?4s-4p, should combine more strongly with a‘S 
and a'D than with a‘P’. The terms b'P, c'D’ satisfy this test and 
may be placed here provisionally. The *S’ term of this triad would 
be hard to identify and has not been found. 

We may next seek the triads having the limits a?H’, a?G, and 
b’G. The first should be composed of G’, H, and I’ terms, com- 
bining strongly with a‘H’; a‘l’ must certainly be assigned here, 
and b*H very probably. 

The terms derived from a’?G should combine strongly with b'G, 
which has the same limit; and the intensities of the lines place atH 
and b'G’ unquestionably here. The last term to fill out the triad is 
b’F, leaving c’F for the triad with limit aD. The other FG’H triad 
should combine strongly with a*G, and, when permissible, with a™D. 
Here we must now place c'H; and c'G’ and e'F appear to complete 
the group satisfactorily, leaving e'G’, which combines more strongly 
with a*H’ than with anything else, for the corresponding triad. For 
the remaining terms we might expect theoretically an isolated P 
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term with limit a?S, and triads D’FG’ with limit b?F’, and PD’F 
from c?D. These limiting terms lie high, especially the last. The 
observed terms which are still unassigned are e'P, fF, d'G’, and f"G’. 
It is not practicable to allocate these with any confidence; fG’ may 
belong to b?F’, and so may f'F, although the combinations of both 
with a'G are stronger than might be expected; e*P may be associated 
with either a‘S’ or c'D’. The remaining term d‘G’ depends only on 
three faint lines and may not even be real. 

The high even terms remain to be discussed. Evidence will be 
given in section 8 that c'D is in series with aD, and d'G with a'G. 
Most of the other terms combine with the lowest odd triad, and 
must, like this, have the limit a?F’. The addition of a 4d electron to 
this should give a pentad, to which c*F’, c'G, and b‘H’ belong, as is 
indicated by their levels, the intensity of their combinations, and 
the term values given in section 8. The term b™H’ depends on a single 
observed line, atG’ —b'H’; but this should be the strongest combina- 
tion between the triad and the pentad, and no other available line 
is in the proper region with the right intensity and Zeeman pattern. 

Adding a 5s electron to a?F’ gives an isolated *F’ term, which 
should be some 6000 units below the pentad; b‘F’ is in just the right 
place for this. Finally, d™D is at about the right level for a 4d deriva- 
tive of a?D, but its combinations do not fit this identification. It 
may arise from (3d)4. The term b'P’ may arise from the addition of 
a 3d electron to a?P. It combines most strongly with a™S’, as it 
should on this hypothesis, and is at the right level (sec. 6). 

The arrangement of the terms which has finally been adopted is 
given in Table VII. It should be borne in mind that in some cases, 
especially in those marked with colons, the assignment of the terms 
to a given limit is less certain than in the case of the quintets; but the 
energy levels of the terms assigned to the same triad are usually 
near together, and the intensities appear to run satisfactorily, in- 
creasing, in general, with the LZ values in each principal triad of com- 
binations, as they ought to do, since all the electron jumps are from 
s to p. 

Some of the lines corresponding to double electron jumps are 
strong, but this is also the case in other spectra; for example, for the 
PP’ group near \ 3000 in Cat. 
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7. THEORETICAL INTERPRETATION OF THE OBSERVED TERMS: 
THE TRIPLET SYSTEM 


The triplet system is much the most intricate, since triplet terms 
may arise from both doublet and quartet limits in 77 1. The lowest 
terms may be expected to come from the configuration (3d)?(4s)’, 
and to be of types 3P’, 3F’, the latter being the lower. These must 
obviously be the terms a3P’, a3F’. From (3d)34s we should have, 
from the quartet terms in 77 u, °P’ and 3F’, and, from the doublet 
terms, *P’, 3D, 3F’, 3G, 3H’. All these are observed, except one $F’ 
term. The terms a3D, a3G, and a3H’ fall naturally into the second 
group, while b3F’, which is at a lower level, evidently comes from the 
low limit, b4F’. The limits a?P’ and a‘P’ are very close together, and 
so are the terms b3P’ and c3P’, which are doubtless derived from 
them. Which belongs to which limit is hard to tell. As good a guide 
as any may be found in the differences of the energy levels in 77 1 
and the limits in 77 m. Taking differences of term values, as before, 
we find, for the transitions involving the completion of a pair of 4s 


electrons, 
b4P’—a3P’=+1422; 9 at F’—a3F’= +7. 


For those where a single s electron is added and the multiplicity of 
the term increases, we have 


b?D—a3D = — 4782, a?G—a3G=—6102, a?H’—asH’=—5418. 
For comparison we have 
asP’—asP’=—4587, b4F’—asF’=—5628. 


For the transitions in which one s electron is added but the 
multiplicity decreases, the difference is considerably greater (mean- 
ing that the energy of binding of the electron is less than when the 
multiplicity increases). We have b4F’—b3F’ = —10,561, while the 
mean for five transitions from doublets to singlets (sec. 6) is —89r19. 

We should therefore expect differences of about —9g200 for the 
term derived from a*P’ and —5300 for that coming from a?P’, put- 
ting them at levels near 18,700 and 15,300, respectively. The actual 
difference in level is much less, but it seems best to assign b3P’ to 
a’P’, giving a difference of —8170, and c3P’ to a4P’, with a differ- 
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ence of —9393. On the same basis the level of the 3F’ term derived 
from b?F’ should be about 26,o00o—which means that all its stronger 
combinations with the known odd terms should be in the infra-red, 
so that it is not surprising that it has not been detected. 

The odd triplet terms should contain a great number of triads. 
Those which combine with the low F’ terms should be especially 
conspicuous. We may expect to find two of origin (3d)?4s-4p and 
limits a4F’ and a?F’, and two of origin (3d)34p and limits b*F’ and 
b?F’, the last high-lying and perhaps inconspicuous. The first pair of 
triads should combine very strongly with a3F’, and the second 
strongly with b’F’. The strongest combinations of this term are 
with d3D’, c3F, b3G’, and e3F. The first three of these lie at nearly 
the same level, and evidently form the triad with limit b4F’. They 
combine very strongly with a3F’ also. Another obvious triad is 
a3D’, a3F, a3G’, which, like similar triads in the singlet and quintet 
systems, contains the lowest odd terms. 

Another triad, which gives extremely strong combinations with 
a3F’ and relatively weak ones with b3F’, is formed by b?D’, b3F, and 
c3G’. This may be accepted as the second triad of origin (d)?s-p. 
Which of these triads belongs to the limit a‘F’, and which to a?F’, 
can hardly be determined from the data on the spectrum of 77 alone, 
extensive as they are; but a comparison of all the spectra from Ca 
to Cu shows conclusively” that the higher-lying triad, which gives 
the stronger combinations, belongs to the limit of higher multiplicity. 

The limit a?H’ should give a G’HI’ triad, combining strongly 
with a3H’. Much the strongest combinations from this level are 
with £3G’, c3H, and a3I’, which are thus identified. There should be 
two FG’H triads with limits a?G and b?G. Both should combine 
strongly with a8G (the electron jumping from 4s to 4p in the first 
case, and 3d to 4p in the second); but the second should combine 
more strongly with a3F’ than the first. There is only one strong 
GG’ multiplet involving e3G’, which evidently belongs in the first 
triad, and leaves available for the second only d3G’, which com- 
bines very strongly with a’F’, but much more weakly with a3G than 
might be expected. 

The strong GH multiplets involve a3H and b’H. The former 

t Mt. Wilson Contr., No. 341; Astrophysical Journal, 66, 184, 1927. 
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term combines with a3F’, in spite of the unusual transition, and must 
be assigned to the second triad and bH to the first. The second triad 
is naturally completed by e3F, which combines very strongly with 
a3F’. For the other, fF or g3F are at the right level; the latter has 
been adopted, and, like e3G’, it gives a much stronger combination 
with a’F’ than with b3F’. The triads with large values of L are 
thus satisfactorily identified; those with small L’s are harder to pick 
out. 

There should be four S’PD’ triads, of origin (3d)?4s-4p and 
limits b*P’, b?P’, and of origin (3d)%4p with limits a‘P’, a?P’. The 
four known 3S’ terms show that all four triads exist, but to identify 
them completely is difficult. By analogy with the D’FG’ triads we 
might expect the one with limit b?P’ to be the lowest, and to give 
combinations of only moderate strength. The terms a3S’, a3P, c3D’ 
fit these conditions. Except for the first, their combinations with 
asP’ are faint; all three of them also combine with a3F” and give 
groups with abnormal intensities. 

The triad with limit b‘P’ should give the strongest combinations 
with a3P’. It seems clear that c3P must belong to this triad. Unless 
the levels are very irregular, b3S’ must do so too. For the third term, 
{8D’, which combines strongly with both a3P’ and a3F’, appears to 
be the best choice. 

The other two triads, with limits a?P’ and a4P’, should give dis- 
tinctive combinations with b’P’ and c3P’, respectively. It is probable 
that fsP and i3D’ belong to the first of these. The second should in- 
clude h3D’ and either d3P or e3P. As the former gives a strong com- 
bination with a3P’, it is chosen in preference to the latter. It then 
appears reasonable, from consideration of energy levels, to put 
c3S’ in the latter triad and dS’ in the former. It should be freely 
admitted, however, that the arrangement of these upper S’PD’ 
triads is subject to considerable uncertainty. 

There should be two PD’F triads, with limits a?D and b?D, the 
latter giving strong combinations with a3D. The unassigned terms 
e’P and jsD’ fit in well here, as would either f3F or h3F. The former 
has been adopted because, like i3D’, it combines weakly with a3F’. 
The other triad might be expected to be lower, and there are three 
unclassified terms, b?P, e*D’, d?F, which look well enough as regards 
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energy level. Their combinations, however, are weaker than might 
be expected, and not very satisfactory in intensity, so that this triad 
must remain doubtful. 

Three more triads involving a 4p electron are to be anticipated, 
with limits c?D, b?F’, and an unobserved 7D term. The last is not 
likely to give identifiable terms; the second probably gives in- 
conspicuous ones, but the first, coming from the configuration 
3d(4s)?4p, may combine with the low term of origin (3d)?(4s)? and 
give strong multiplets. There are three terms at a very high level 
which give such strong combinations—gP, 13D’, and i3F, and 
these have been grouped together. Among the remaining terms, 
those which give the strongest combinations are g’D’ and h°F. 
These may be placed tentatively in the triad with limit b?F’. 

There remain the odd terms k3D’, m3D’, jF, g3G’, and d3H, all 
of which give faint combinations. These probably arise from con- 
figurations containing a sp electron, and it will be seen in section 8 
that m3D’, j3F, g3G’ are probably in series with the triad d°D’, c3F, 
b3G’, and have the limit b*F’. The other two terms have not been 
placed. 

Fewer high even triplet terms have been found than might have 
been expected. There are several groups of three neighboring un- 
classified faint lines in the arc spectrum which point to the existence 
of other triplet terms, probably belonging to this group, but they 
cannot be definitely located. Of the known terms, c3F” and fF’ are 
in series with a3F with limit a‘F’, and a3F’ and d3F’ with limit a?F’ 
(sec. 8). The fragmentary terms c3D and d3P’ appear to be the series 
members following a3D and a3P’ (sec. 8). All the rest combine mainly, 
if not exclusively, with the low odd triad, aD’, a3F, a3G’. This sug- 
gests that they belong to the pentads formed by adding a d electron 
to a4F’ or a?F’, and the term values indicate that e3F’ and cG prob- 
ably belong to the first, and g’F’ and bH’ to the second. 

This leaves outstanding b’G and b3D. The former lies much too 
low to be derived from any of the terms of 77 m1 by adding either a 
5s or a 4d electron, and can arise only from the configuration (3d)4. 
This is confirmed by the comparison with Vm given in section g. 
It is highly probable that b*D, which does not fit in well otherwise, 
comes from the same configuration. 
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The arrangement which has finally been adopted for the triplet 
terms is given in Table VIII, which is arranged like Tables VI and 
VIL. 

Practically all the observed terms of Tz 1 have now found their 
place in the scheme provided by Hund’s theory. For a large ma- 
jority of the terms the identification of the electronic configuration 
corresponding to each term is definite; for the remainder, although 
some ambiguity exists, it involves only the choice between inter- 
pretations, both of which are consistent with theory. The represen- 
tation of the structure of this complex spectrum by Hund’s theory 
leaves therefore nothing to be desired. 


8. SERIES AND IONIZATION POTENTIAL 


The foregoing analysis indicates that a considerable number of 
series can be identified in this spectrum. Only two of these, however, 
can be followed beyond the second member. These begin, as might 
have been anticipated, with the terms which give the strongest lines 
in the spectrum (a3F’ and a‘F’) and, even so, the third members give 
such faint lines that only the leading component of the multiple 
terms could be found (by searching in the region predicted by a Ryd- 
berg formula). In both cases, however, the reality of these terms 
appears to be confirmed by the combinations in which they appear. 

The term values of the leading components of a3F’, c3F’, f3F’ are 
exactly represented by the Ritz formula 


es Aaa eee 
im+q+K(A—zx)}?’ 


if A =55,384, g=0.5403, K = — 2.36 X10~°; while for aSF’, cSF’, fSF’ 
the constants are 


x=A— 


A=56,500, g=0.5586, K=—1.46X10-°. 


The values of A give the heights of the limits of the two series 
above the lowest level, a3F; in Ti 1. These limits are the terms a‘F’, 
and b*F; of Ti 1m which lie at heights 393 and 1216 above the lowest 
level a‘F, of Ti u. The difference of the lowest levels in Ti 1 and 
T7 tis therefore 54,991 from the triplet, and 55,284 from the quintet 
series, corresponding to ionization potentials of 6.79 and 6.83 volts, 
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TABLE VIII 


PART II SI 


Ti 1, INTENSITIES OF STRONGEST LINES, TRIPLET SYSTEM 


CONFIGURATION 
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TABLE VIII—Continued 
CoNFIGURATION (3d)2(4s)? (3d)s4s (3d)4 
Limit bsP’—s as” asP’ ba” a?P’ bD 2G aH’ 
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respectively. The agreement is satisfactory, and we may adopt the 
mean, 6.81 volts, as the principal ionization potential of the neutral 
atom of titanium, or, which comes to the same thing, adopt a4F)— 
ach, = 55.736, 

It is now possible to locate accurately all the terms in Tz 1 with 
respect to the scale of levels employed for 77 1. For those terms 
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which have appeared above as limits of possible series in 77 I, we 
find by adding 55,138 to the levels referred to a*F; and taking always 
the component of greater inner-quantum number, 


ANE oe HSE Eerie 7OnA7Oe 8) DAD 362 2s 07,000, | a2Grn 045.250 
Diba nc: BGI Seat by rere pant ed D ea Were eum letra eerie 
BAS ke LOS) Nae aoe WY gf OF > AB oso s 663036". a*H,.... 67,013 


Pe. 05,103 2D,...4 63,882  bFi.t2 76,030 


We may now compute the true term values and the Rydberg 
denominators for all the terms which have been classified in section 
7. The results for those terms which form series are given in Table 
IX. The various series are arranged according to the types of elec- 
trons which shift, and, to save printing, only the Rydberg denomina- 
tors are given. The term values can be found by subtracting the 
values given in Table I, taking always the component of highest 
inner-quantum number, from the appropriate limit, as listed above. 

Seventeen series have been identified. The successive terms of 
each lie in the same horizontal row. When an s electron is involved 
the fractional part of the denominator is nearly the same for the 
terms of a given series. For a 5p electron it is greater by about 0.12 
than for a 4p. For 4d and sd it is nearly the same, but for 3d it is 
much less, showing that, as usual, the electron is much more firmly 
bound when it goes into a group of similar electrons than when it 
stands alone. 

It should be noted that a3F’ is the leading term of two different 
series, one converging to a‘F’ and the other to a?F’. This arises 
from the fact that, by Pauli’s restriction, the addition of a 4s electron 
to either of these terms of 77 m1 can give only this term in 77 1, while 
the addition of a 5s electron to the two gives four different terms, 
all of which have been identified. 

The quantum defects are nearly the same for all the terms in- 
volving s electrons, considerably smaller for the p’s, and smaller 
yet for the d’s (excepting 3d). To complete the data regarding 
them, the denominators for the remaining terms are given in Table 
X, which is arranged in fashion very similar to Table IX. All the 
terms arising from the addition of 4s and 4p electrons are given; 
those from 3d electrons are given only when they do not appear in 
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Table IX. Certain cases, in which it is doubtful whether the term 
belongs in the assigned place, are marked with a question mark (?). 

It appears from this table that the denominators are smaller and 
the quantum defects greater for those terms which originate from 
the configuration (3d)*4s than for those which come from (3d)3; i.e., 
an additional electron is more firmly bound to the first configuration 


TABLE IX 
RYDBERG DENOMINATORS FOR SERIES TERMS 


ELECTRON 
Serres Limit 
48 58 6s 

PA TS eRe CR ask’ sr. 410 3’ 2.489 fF” 3.490 

bsF’ 2.456 ek’ 3.420 
DE aes soeniatar ask’ —s_-r. 489 CF’ 2.544 fsF’ 3.576 
DED ocean soars ae asPi 15302 dP’ —s_- 2. 408 
cha D Death SRE nr PCa atD 1.392 cD 2.384 
[ocd Brea cere hne te sas asD 1.476 3D 2.450 
CG TR 8 Sen dns eS ask’ —s-r. 356 dF’ 2.327 

bE’ —s_ 2. 406 
PAGernsarcnases aieeae er: aG e372 dG 2.450 


ask’ 
bik’ 


3d 4d sd 
EN A AIOE ES Eel bel IS OPI ar cae eM ENE bsD 2.866 dD 3.860 
asF’ = 1.516 dsF’ —s_ 2.998 hsF’ 4.027 
asG 2.849 dsG 3.875 
asH’ —_ 2. 869 cH’ 3.883 
b3F’ 1.583 e3F’ 2.858 


than the second. The binding is also closer when the multiplicity 
increases on adding the new electron than when it decreases. The 
mean values of the quantum defect, omitting the doubtful cases, are 
as shown in Table XI, the number of cases being indicated by 
figures in parentheses. These values may be taken as a measure of 
the failure of complete screening of the attraction of the nucleus by 
the outer electrons. The screening is of course greatest for the d, 
and least for the s orbits; conversely, an electron already in the 
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asF’ a3F’ 
b4F’ ask’ I 
b3F’ 
asp’ asP’ 
c3P’ 
bsP’ a3P’ 
a?S as 
a?P’ Joc) Ass 
ap’ I 
b?P’ a3P’ I 
a?D aD I 
b?-D aD I 
b'D I 
CAD osioont en, SS RC ee eae 
a?F’ ask’ I 
b?F’ bry og 
Ee oe RR eis a3G 
btG I 
Goes aG 
nal. a a3H’ sx 
Pugh os 


HH 


528 
. 560 


- 392 


-476 
-517 


-356 


541 


-545 


TABLE X 
RypBERG DENOMINATORS FOR OTHER TERMS 


ELECTRON 
<n oe eee 
4p 4d 
bsP’ 2. gx 
OG 2.794 
cD 3.027 
bsG 3. 240 
bSH’ —_ 2.996 
BER’ 3500s 
d'D 2.824? 
ee 
rs 
2. 
2. 
i 
ibe 
LL. 
Ts 
Sie BE’ 2.923 
Te b3H’ —s_2.. 791 
Te cE’ —s_ 2. 862 
cG 2.802 
DH’ 2.745 
1 Be 
Le 
2. 
25 
7 
Te 
I. 
ie 
2. 
I 
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atom in a 3d orbit produces more screening upon an added electron 
of whatever sort than does one in a 4s orbit. For the terms which 
have been tentatively assigned to the addition of a 4p electron to 
the term c?D (arising from 3d(4s)”), the mean quantum defect is 
2.255, indicating a still smaller screening and confirming this inter- 
pretation. Since the assignment of the various terms to their limits 
was made primarily on the basis of the intensities of their combina- 
tions, the systematic character of the results just obtained may be 
taken as further and convincing evidence of the general correctness 


of the interpretation. 
TABLE XI 


Quantum DEFECTS 


CONFIGURATION (T% Ir) 
ELEcTRON ADDED 


(3d)*4s (3d)s 
IS acer amon 2.632 i} 2.481 (13) 
SPECS Rares Seca 2.583 (7 2.503 (2) 
SMe eaters 2.545 (2) 2.424 (x) 
ANE SARA SNES one 2.210 (35) 1.975 (36) 
STe rien encce aera: 2.144 1) 1.908 (3) 
RUA eee cE ne 1.450 (C) ee PSI tot ote can Pitraoeiccmos'y no 
Ad ntrn sake Aen tacts 1.145 (13) 0.910 (4) 
ie Ue eieneritin terete aes 1.089 Ali —  \nsseuarasisecacaueneiate |lavete sheratatebetereremte 


Odd terms, arising from configurations involving a 4f electron, 
might theoretically be expected; but for such terms the quantum 
defect should be small. The term values should therefore be of the 
order of 7000, referred to their own limits, and the lowest of them 
should be at least 48,000 above the base-level used in Table I. None 
of the odd terms which have been observed lie so high. The terms 
with limit a*F” should give combinations with a3P, lying near 2050, 
where the arc spectrum is unknown; those with limit b‘F’ should 
give combinations with aSF’ lying near \ 2350 and with dF’ near 
X 2650, but nothing of the sort can be recognized there. 


Q. COMPARISON OF 77 I AND V It 


The analysis of the principal terms of the spark spectrum of 
vanadium by Meggers" invites comparison with the titanium arc. 
* Zeitschrift fiir Physik, 33, 509, 19253 39, 114, 1926. 
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The most satisfactory method is the application of Moseley’s law, as 
discussed in Part I of this paper.t From the run of the values for 
spectra of elements earlier in the first long period there given it 
appears that in this case the differences AV v/R, for terms derived 
from their limits by the addition of a 3d, 4s or 4p electron, should 
be very close to 0.51, 0.34, and 0.33, respectively. 


TABLE XII 


TeRMS oF Vir 


Term Level Term Level Term Level 
SLD gvoneet caves 339 =) 2 9097 iGo ee 14,655 
BORG N Ms ceeds 3163 at DL ate ee st II,908 BiGes ras 16,532 
BS Daas ot avateys 13,741 [red WAS ene 13,608 asf eee 20, 303 
BSG navies 35,483 As) ear 36,919 HAD oo eee 46,123 
Ast raremre cists. BH PSe Jor Ds ane 37,205 Athlgucscnnt. 47,607 
BODE vecemiret Bifai sent BG ses 39,612 Ae aA cam: 52,252 
DED ie aera es 47,420 EES Sra aeseeres 40,430 [pd eerie 535319 
GEN he nee 47,051 Hide nae 58,4061 
ite Meta pletes orar 49,731 


No series are known in V 0, and it is necessary, in order to apply 
Moseley’s law, to identify the electronic configurations correspond- 
ing to some at least of the terms, assume that the law holds for these, 
derive the corresponding ionization potential, and then test our 
assumptions by the values of AV v/R for other terms. 

The known terms of V 11, with their levels referred to the lowest 
term 5D,, are listed in Table XII. Only the leading components are 
given, and Meggers’ notation of primed and unprimed terms is re- 
versed to correspond with Heisenberg’s general rule. Designating 
letters—always an ‘‘a’’—have been added in some cases when Meg- 
gers has not used them. 

From analogy with other spectra it is practically certain that 
the lowest terms of V mr will be a 4F’ and 4P’ derived from the con- 
figuration (3d)3, the former being the lower. The ‘F’ term identified 
by Gibbs and White? arises from (3d)*4s and probably lies much 
higher. 

t Mt. Wilson Contr., No. 344; Astrophysical Journal, 66, 283, 1927. 

2 Physical Review, Ser. 2, 29, 658, 1927. 
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In Vu the low terms should come from (3d)4 and (3d)34s, the 
former giving SD, 3F’, 3P’, 3P’, 3D, 5F’, 3G, *H’, and the latter SF’, SP’, 
3p’, 3D, 3F’, 3G, 3H’, 3D, neglecting singlet terms. 

The three low quintet terms are exactly what is to be expected,’ 
and the higher odd quintet terms evidently form the two triads of 
origin (3d)sap and limits ¢F’ and 4P’. Among the low triplet terms 
all that can be said with certainty is that one 3G term must come from 
(3d)4 and the other from (3d)34s. The intensities of the combina- 
tions, as Meggers points out, show that a3F’ and a3G are related, 
and also b’F’ and b’G, the former combining strongly with a3D’, 
b3D’, a3F, and a3G’, as far as the ordinary rules permit, and the 
latter only with a3F. It may be noted in passing that there is place 
for only one odd 4I’ term in Hund’s scheme, namely, that derived 
from (3d)34p. The term called by Meggers aI’ appears actually 
to combine with b3G’, giving lines observed in the spark by Exner 
and Haschek; so it is probably a $H term, which removes the dis- 
crepancy. 

The terms aSF” in 77 1 and aSF’ in V 1 are evidently homologous, 
and b3F’ and a3F’ look promising. For the first the value of V »/R 
is 0.671 in Ti1. Adding 0.34, we have 1.01 for the second, indicating 
that the limit 4F; is higher than the term SF in V m by 111,800 units, 
or above the low level of V 1 by 115,000 (to the nearest hundred). 
From a consideration of certain similar cases, the value 114,600 was 
adopted for this quantity, corresponding to an ionization potential of 
14.1 volts. The values of V y/R can then be computed for all the terms 
of V 1 which may be legitimately associated with the lowest limit a4F’ 
in V im. Strictly speaking, these are rather few, but such terms as 
SP’ and the low 3D’FG’ triad, which arise from the same elec- 
tronic configuration, are likely to give nearly the same AV y/R when 
referred to a‘F’ as when referred to their proper limits (a‘P’ or 
a?F’), since the differences in level of the limits in Timm and V ur 
increase almost pari passu with the term values. 

We thus obtain the comparison given in Table XIII, which is 
arranged similarly to Table VI in Part I of this paper. The designa- 
tions in the second column give first the term in 77 1, then the cor- 


* Hund, op. cit., p. 159. 
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responding one in V m1. The differences in V v/R run with remark- 
able smoothness, averaging 0.341 for the 4s electron and 0.339 for 4p. 
For the first two entries in the table the agreement with the ex- 
pected values is forced, but free for all the others. A change of the 
assumed ionization potential by +o.5 volts would alter the mean 
values by approximately +o.o19 for 4s and +0.022 for 4p. They 


TABLE XIII 


CoMPARISON OF TiI AND VIL 


ELEc- V v/R SEPARATIONS 

Re | «| TERMS he SS 

MOVED Let Vu Drr. Tit Vu Ratio 

4s....| (3d)3 4s 
a, aSF’ 4f’ 0.671 T0087 |'01337 286 558 0.51 
a, asP’ 4F’ .620 | 0.959 339 124 230 54 
b, a3F” 4p’ .638 .980 342 245 458 54 
a, a3G 4’ .612 .954 342 I12 194 0.58 
a, a3H’ 4F’ .590 933 343 155 121 (1.28) 

4p....| (3d)3 4p 
c, aSD’ 4F’ . 489 .8390 350 231 429 0.54 
b, asF 4f’ 501 .840 339 108 (202) aisha? 
b, asG’ 4F’ .518 .850 332 426 891 .48 
b, asS’ 4f’ -417 .769 .352 
b, asP 4F’ 426 785 -359 116 298 39 
d, bsD’ 4k’ -434 . 784 350 254 834 30 
d a3])’/ 4F’ .522 841 319 251 430 0.58 

b 4’ 522 .840 318 251 247 (1.02) 

c, aF 4’ .406 .823 327 222 428 0.52 
b, a3G’ 4p’ B5O3) | 0.027 324 251 379 66 

3d....| (3d)4 
—, asD Ae | tics soe oe ROD Fam | eee teastehe | teeter 339 
—, b3F’ AD Eg el emer are 4 OLQUO een nvehien| eaten 5 118 
b, b3G 4’ 0.429 .946 | 0.517 135 IgI 0.71 
—, a3P’ O68 ol Nae Os OO Sia eee eal strates 613 


* Separation of the first two components; the rest have not been identified in V 1. 


accord so well with the values to be expected from comparison with 
other spectra as to indicate that the assumed value is probably cor- 
rect within +0.5 volts. 

The ratios of the extreme separations of the multiple terms are 
given in the last column. Most of these are near to the value o.5, 
which might have been anticipated (cf. Part I, sec. 10). The princi- 
pal exceptions involve the terms a3H’ in 77 1 and b’D’ in V u, both 
of which have very abnormal intervals. 
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There appear, therefore, to be strong reasons for assigning the 
designated terms in Vm to the configurations (3d)*4s and (3d)%4p. 
An exception should be noted in the case of a3F, for which the in- 
tensities of the combinations indicate a different origin, which must 
be (3d)?4s:4p. It looks also as if b’D’ might belong to this configura- 
tion, while a*D’ fits in well with the other. As for the configuration 
(3d)4, there can be no hesitation in assigning to it the terms here 
listed for V u. (The *P term is much too low to be the one homolo- 
gous with b’P’ in Ti1, for which V v/R is 0.590). The only term iden- 
tified during the analysis of Tz 1 as certainly due to this configuration 
is b’G, which gives the expected value of AV v/R. If this difference 
is the same for the terms in 771 homologous with the other known 
terms of V 11, the SD term (referred to the lowest level in 771) should 
lie at the level 28,500, and all its combinations of any strength must 
be in the infra-red, which explains why it has not been detected. The 
3P’ and 3F’ terms should lie at about 34,100 and 34,800. They 
would combine strongly only with terms of origin (3d)34p, and these 
again give infra-red lines. It is not surprising that their faint com- 
binations with the low odd terms of origin (3d)?4s-4p have been 
missed. 


I0o. SUMMARY 


It may be appropriate in conclusion:to summarize the results 
obtained in the discussion of the spectra of titanium in the various 
degrees of ionization, as is done in Table XIV. The number of 
energy levels, or separate components of the terms, represents the 
number of distinct states in which the atom in this degree of ioniza- 
tion is known to exist. The whole number of such states, for all four 
degrees of ionization together, is 545; of multiplets which have been 
identified, 629; and of lines classified, 2044. 

As the number of valency electrons increases, the complexity of 
the spectrum becomes great. The number of terms and multiplets 
is very large, and that of the various identifiable electron configura- 
tions in the atom increases. It is worthy of remark, however, that a 
greater variety of electron orbits has been identified in the simple 
“stripped” atom 77 rv than in any other state. 
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The final outcome of this long investigation may be summarized 
in a sentence. The present theories of atomic and spectral structure 
suffice to give a most satisfactory account, in full and complete de- 
tail, of all the features of the very complex spectrum of titanium. 


TABLE XIV 
SUMMARY 
3 - - Ti wy; 
EAB t Tia; tet: Oy ped Ti ww; 
Systems Present Thole ‘Singlets ‘ ome : bias Doublets 
Ply DesOL COrmMs seit ccc ieee < S to H S toH StoG | StoH 
S) tol’ S’ to H’ Peto Dp? 
INGimbeMOn terms. sia. .s <6 o- 142 49 19 I2 
Number of energy levels....... 364 123 40 18 
Number of multiplets......... 422 164 28 15 
Number of lines classified...... 1394 529 fete) 31 
Number of series found........ 17 4 2 4 
Ionization potential, volts..... 6.81 13.58 27.6 43.08 
Electron configurations: 
Ibo CAVE Oe elena oO eee (3d)24s?* (3d) (4s)? 
(3d)34s (3d)? 4s* ee 4s 4s 
(3d)4 (3d)3 3d)>* 3d* 
Ou dtr keristich aces oe. (3d)24s*4p* 3d-48-4p 4S*4D 4p 
(3d)34s‘sp | (3d)?-4p 3d-4p SP 
(3G) SA piceagl | ecbeer a eosin oinccve | oreeen nr cieieys 4f 
(3d) -3sp . 
ELiplvevenine eerie eerie sre ee (3d)24s-5s* (3d)?*5s 3d-+4d 5s: 
(3d)24s-6s (GditcadS hener 6s: 
Ets eke Gs lpell PN ae ial bere emrae 4d 
(eal) ease dae | Seinen arayaysrancts [ace aarti oe sd 
(3G) (AD) Sze ines ceeegeweren |e oes mteevee 5g 
AG) SAS Ma | wee nada a ecFes erates ae 6h 
MBC )SOS Bs RE cs accreye Setar sparc ase ctae | aeayteraionere 
(cl) Sorc wes Bl rey -hee sree srcee ete harcerepermes Wate 7h 


* This configuration gives the lowest energy level among the group in which it falls. 


All the lines of any prominence have been classified, and it is reason- 
ably certain that no important low terms have escaped notice. There 
are many faint unidentified lines, however, and a few stronger ones 
in the arc spectrum in the far ultra-violet, which show that there is 
still more work to be done, presumably in the study of the higher 
energy levels. The data already obtained, however, should suffice 
for astrophysical investigation, and they afford extensive material 
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for both observational and theoretical studies of line intensities, 
term separations, and relative levels of terms arising from the same 
configuration. 


To the writer’s many colleagues, who have generously supplied 
him with material and aided in many other ways, he desires to 
record once more his gratitude; for himself the interest of the work 
itself has been an abundant reward. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
May 23, 1927 
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